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are made for further simulations which will better test the dynamic performance of 
this rms estimation circuit and the system of parallel converters employing 


frequency-based load sharing as a whole. 
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I. PROJECT BACKGROUND 


A. RADIAL DISTRIBUTION 


The standard paradigm for electric power distribution aboard Navy ships 1s radial 
distribution. With this scheme, a small number of 60 Hz generators located throughout 
the ship supply power to all shipboard loads via a hierarchical array of switchboards. The 
distribution system in any ship is designed to survive reasonably expected battle damage, 
such as disabling a single generator or large distribution switchgear. Survivability for 
loads considered vital to the ship’s mission is realized by powering them redundantly. 
Vital loads can be thought of as the merging of branches from hierarchical trees of two 
Separate generators. 

Loads in each physical area of the ship are generally powered by local power 
panels. However those local power panels receive power from many different switchgear 
located throughout the ship. Many such local power panels will be located within most 
watertight sections of the ship. Sometimes it 1s necessary to secure power to a group of 
loads in close physical proximity, say to isolate a watertight compartment. With radial 
distribution it becomes very difficult to quickly secure power to them. Further, each class 
of ship has a different set of vital loads and a different number and location of generators. 
Thus it is virtually impossible to standardize radial distribution over several classes of 
ships. Also, radial distribution systems require immense manpower efforts to operate and 


maintain. For these two reasons, an alternative to radial distribution is sought. 


B. ZONAL DISTRIBUTION 


An alternative is zonal distribution. With a zonal scheme, two redundant 
longitudinal buses are fed by each generator. Both buses pass through a number of 


distribution zones, supplying power to loads within each of those zones. Distribution 


zones will most logically correspond to flooding control zones divided by primary 
watertight bulkheads. The strategy for separation of these two main electrical distribution 
buses will be much the same strategy as for separation of the shipboard firemains—one 
above and one below the waterline, one port and one starboard, minimizing the likelihood 


of a single battle damage event affecting both buses. 
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Figure I-1 Conventional Radial vs. Zonal Distribution 


Therefore zonal distribution is simpler than radial. The effect of securing faulty 
or damaged distribution equipment is much easier to predict. Securing power to a region 
of the ship is straightforward. Operators trained on one ship using zonal distribution will 
be able to operate the zonal distribution system of another ship, even a ship of a different 
class, with very little training. An additional benefit from zonal distribution is that much 


less cabling is required, providing considerable weight and cost savings [1]. 


C. DC ZONAL DISTRIBUTION 


If dc instead of ac transmission lines are used throughout the ship, some 
significant advantages may be gained. The concept of dc transmission lines used in a 
zonal distribution system is referred to in this thesis as DC Zonal Electrical Distribution 
System (De ZEDS)): 

In the DC ZEDS proposed for use aboard naval surface combatants, power 
generated by each three-phase ac generator is rectified by a Phase-Controlled Rectifier 
(PCR). This dc power from each PCR is then fed to one or both main longitudinal buses. 
Inside each zone, power is tapped off both longitudinal buses by at least one Ship Service 
Converter Module (SSCM) per bus. The SSCM 1s a solid-state, dc-de buck converter 
which steps the longitudinal bus voltage down to a lower zone voltage. This dc power at 
the zonal voltage level is then distributed to Ship Service Inverter Modules (SSIMs) and 
SSCMs within the distribution zone, each powering an ac or dc bus respectively. 
Individual loads which are considered vital will be powered by two or more SSIM or 
SSCM modules in parallel. 

The DC ZEDS offers several advantages over ac zonal distribution. First, 
paralleling loads is straightforward when both power supplies are dc. Only the voltage 
must be matched. A pair of coordinated SSCMs can be easily configured to provide 
uninterrupted power to a load as long as one longitudinal bus has power. It is ultimately 
desired that a pair of converters powered from opposite main buses will supply power 
equally to a single vital load. 

Second, variable speed ac motor control is readily achievable with DC ZEDS. 
Variable speed control allows for more efficient operation of large ac motors, such as 
those powering pumps and ventilation fans, than does constant-speed control used in the 
current ac distribution system. 

Third, weight and space usage may both be reduced when DC ZEDS is used 


because the number of power conversion stages may be reduced. For example, steady dc 


power for some shipboard systems is supplied from 400 Hz ac. If steady dc power were 
readily available as it is ina DC ZEDS, then ac power would never have to be generated 
as an intermediate step. 

A DC ZEDS shows many other advantages over ac radial distribution. In a DC 
ZEDS, a large number of transformers, breakers, motor controllers are replaced by fewer 
and smaller solid-state power converters. Generator frequency 1s decoupled from 
frequency requirements of individual ac loads. This allows optimizing generator/rectifier 
combinations for size and cost and facilitates operation of the prime mover at its most 
efficient speed. 

A disadvantage of DC ZEDS 1s that the current state of semiconductor technology 
limits the bus voltage to 1500V to 2000V because of the Insulated Gate Bipolar Junction 
Transistors (IGBTs) and MOS Controlled Thyristors (MCTs) used in SSCMs. A very 
high bus voltage is desired because it will minimize current, and thus minimize the size 
of the conductors required. However, a higher voltage introduces safety concerns and 
isolation issues with the SSCMs. Future advances in semiconductor technology promise 
to provide higher allowable device operating voltages if required. Another small 
disadvantage to DC ZEDS is that shore power, supplied typically as 450 V, three-phase 


ac, must be rectified and converted to the dc bus voltage. 
D. POWER ELECTRONIC BUILDING BLOCK 


The Office of Naval Research sponsors the Power Electronic Building Block 
Program for design of standard modular power conversion devices. Such standardization 
in power electronics will reduce power system design to a task of selecting appropriate 
modules. A Power Electronic Building Block (PEBB) is generally a universal power 
processor which changes any electrical power input to any desired form of voltage, 
current and frequency output. A PEBB in the context of DC ZEDS is, say, an SSIM or 
SSCM which maintains constant output conditions regardless of the load or the number 


of redundant parallel modules. A PEBB module consists of a power section, a controller 


section, and current or voltage sensors. 


E. DC ZEDS AND PEBB RESEARCH AT NPS 


A number of Naval Postgraduate School theses in recent years have investigated 


DC ZEDS and PEBB issues. A brief overview of those efforts in order of thesis 


completion follows. 


A detailed SIMULINK model of a portion of a shipboard electric distribution 
system was developed in order to investigate control of a three-phase 
synchronous generator [2]. 

Constant power characteristics of a DC ZEDS were investigated with reduced- 
order dc-dc converter models. From these PSPICE models, observations were 
made concerning stability and controllability [3]. 

A method for using the Advanced Continuous Simulation Language (ACSL) 
built-in algebraic solver which neither relied upon reformulated machine 
representations nor introduced fictitious circuit components was developed 
[4]. 

Work was begun on detailed ACSL modeling of dc-dc buck switching 
converter and a three-phase inverter. Closed-loop algorithms for buck 
converters were investigated, and hardware-in-the-loop studies conducted 
using a dSPACE card in order to validate computer models [5]. 

A detailed ACSL simulation containing a steam turbine-driven synchronous 
machine, rectifier, filter, and buck converters was developed. This ACSL 
model was used to identify paralleling issues [6]. 

The closed-loop buck converter algorithm was significantly advanced [7]. 

A detailed ACSL representation of an Auxiliary Resonant Commutated Pole 
(ARCP) Inverter was developed [8]. 


e The one-cycle control algorithm for a buck converter was considered and 
implemented. Comparisons were made between the hardware and computer 
representation [9]. 

e Design and fabrication of several buck converter power sections were 
documented [10]. 

e A voltage-mode buck controller was designed, along with the required gating 
circuitry. The associated analog hardware was built and documented [11]. 

e PEBB testbed interconnecting dc-dc and dc-ac converters was fabricated. 
This testbed was intended to simulate various configurations of SSCM and 
SSIM modules. Hardware studies investigating transient response of the 
testbed in a few different configurations were designed and performed [12]. 

e The operation of the Programmable Universal Controller (PUC)—an in-house 
programmable DSP controller—was documented and the closed-loop 
algorithm for the buck controller was programmed and validated. 
Additionally an approach for implementing closed-loop control of ARCP 
inverters was suggested [13]. 


e Closed-loop ARCP algorithms were implemented using the PUC [14]. 


F. THESIS GOALS 


This thesis explores design aspects of a switching controller which provides 
robust load sharing among an arbitrary number of dc-dc converters. This controller 
should support the PEBB concept by requiring no control interconnections between 
paralleled units. A method called frequency-based load sharing is investigated to assess 
its utility for DC ZEDS implementation. In addition to investigating this frequency- 
based load sharing control, this thesis also briefly explores the relative merits of current- 


mode and pulse-width-modulation (PWM) control with parallel converter operation. 


G. CHAPTER OVERVIEW 


Chapter II outlines pulse-width-modulation (PWM) and current-mode switch 
control, showing the relative benefits of each. Chapter II also includes a discussion of 
some strategies for the designing a switch controller for load sharing. Among the 
strategies compared is a new method known as frequency-based load sharing. 

With that groundwork established, Chapter III explores design considerations for 
a simple estimation circuit which is a component of a switch controller employing 
frequency-based load sharing. Chapter IV documents the mathematical derivation of the 
models used for analysis and simulation. Finally, Chapter V discusses simulation results 


and Chapter VI states conclusions and recommends further related research. 





Ee BUCK CONVERTER 


Ae POWER SECTION 


The bulk of this thesis deals with development of a switch controller for a dc-dc 
converter with good load sharing properties. The following section discusses the buck 


converter power section which the controller will regulate. 
ie Specifications 


The analysis and simulations in this thesis are performed assuming 9 kW buck 
converter modules. Reference output voltage (V,,,) is 300 V, and nominal input voltage is 
(V.,) 400V. This combination of V,,,and V,, yields a steady state duty ratio (D) of 0.75. 
The switching frequency (f) is selected to be 20 kHz, resulting in a switching period (7,) 
of 50 us. Starting with these specifications, the next section highlights critical inductance 
and capacitance derivations for the system used in the subsequent analysis and 


simulation. 
2. Critical Inductance 


Critical inductance, or the minimum inductance for continuous conduction mode 


[15], is given by 


L = Ap (j_ p) (2-1) 


crit 5 
where R,, 1s the load resistance below which continuous conduction mode is maintained 
(100 £2). Continuous conduction mode for loads above 10% rated is desired, thus L,,,, 1s: 
625 wH. Since it is available in the Power Systems Laboratory, the actual inductor value 
assumed is 760 WH. 


3. Capacitance 


Experience has shown that capacitor selection is constrained by two design 
considerations, voltage ripple and control effort. Capacitor selection to meet the mpple 


criterion as developed by Fisher [15] is given by the expression 


C= Ts —Fnin) 


2-2 
SAV. ca 
where AVC is peak-to-peak capacitor voltage ripple, and (/.;, — max) 18 the inductor 
current envelope. The expression for (J,,,, — Jnax)> 
Vo —V.)DT 
oe ~ lias cae i (2) 


also derived by Fisher [15], yields (/,,, — J...) equal to 6A. The maximum desired peak- 
to-peak ripple is 1%, or 3V. Thus minimum capacitance to meet the ripple criterion is 
12.5 pF. 

No closed-form expression exists for the second capacitor design criterion, 
controller effort. Simulations using pulse-width-modulation (PWM) switching control 
have shown that a much larger capacitor than is necessary to limit nipple voltage is 
required to prevent the PWM control effort from reaching its limits. A 400 uF capacitor 
was used successfully in PWM simulation and hardware and is used in the analyses 


which follow as well. 


4. Load Network for Parallel Converters 


Given the inductor and capacitor values derived, decisions must be made 
regarding how the system of parallel converters will be modeled. Specifically the type of 
load impedance and connection impedance between each converter’s output and the node 
at which all outputs converge must be specified. 

The load is modeled as a pure resistance in the simulations in this thesis. A 


resistive load is a gross simplification when, realistically, the system of parallel 


10 


converters may well power an inductive load such as an inverter-driven motor, but this 
simplification was seen as allowable in this thesis, whose purpose is solely to explore 
controller design. Connecting impedances are generally modeled as a transmission line. 
In the context of DC ZEDS however, connecting cables within a zone will be relatively 
short, thus will have negligible effects from inductance. Also, the shunt capacitance will 
be very small and may be ignored. Thus transmission line impedance will be modeled as 
purely resistive. The power section for three parallel converter modules is illustrated in 
Figure IJ-1. 

It should be noted that placing several buck converters in parallel, each with 
minimal output cable impedance, will have the same effect as placing each of the 
capacitors from that many converters in parallel. If the output capacitance is 400 uF for 
one converter, the output capacitance will be close to 1200 uF with three of those units 
placed in parallel. This significantly complicates the control problem because controller 
gains are dependent upon a constant value of the capacitance, and changing the effective 
capacitance by placing multiple units in parallel makes the controllers behave differently 
depending on how many parallel units there are. Nevertheless we want to design the 
converter modules with their own integral capacitors in order to support the PEBB 


modularity concept. 
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Figure II-1 Power Section Schematic 


B. SWITCH CONTROLLER 


The power section as described may be fitted with any of a number of types of 


switch controllers. PWM and current-mode control switching techniques are compared in 


Pe 


the following pages. Both control methods considered commonly use constant switching 


frequency, which is also assumed in the previous L,,,, and C derivations. 


L; Pulse-Width-Modulation 


The classical switch control method is pulse-width-modulation (PWM), also 
known as duty-ratio programming. The following discussion describes PWM by 
revealing the working of the switch controller blocks illustrated in Figure II-1. To that 
end, Figure II-2 shows the three components of the generic PWM switch controller: the 


PWM Control Unit, the Comparator, and the Switch Drive Unit. 





PWM Control Unit Comparator Switch oe Unit 


Figure IT-2 PWM Switch Controller Details 





feedback sawtooth 


a) PWM Control Unit 


The PWM control unit shown uses multiloop control. That controller 
shown in Figure JI-3 realizes the algorithm 


Sie! 


in 


es 


which is an expression for commanded duty ratio (d*). This algorithm realizes PID 
control on capacitor voltage. The /,(i, —i,) term is an equivalent derivative term. [16] 
This algorithm also includes a droop feature. Droop is discussed later in this chapter and 


is represented in the above algorithm by the (V,,, — A,i,) term. 


ref 
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Figure II-3 PWM Control Unit 


b) Comparator and Switch Drive Unit 


The PWM control unit from Figure IJ-3 generates d*, which is compared 
to a sawtooth wave. Figure II-4 illustrates the two compared signals and the comparator 
output. Notice that d* is constrained to the range zero to one. Theoretically, a duty ratio 
equal to zero means that the switch stays off and a duty ratio equal to one means that the 


switch stays on. The sawtooth must stay in the range zero to one as well. 
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If both signals stay in the proper range, the pulse train output from the 
comparator will have a duty ratio equal to the commanded signal. This pulse train output 
from the Comparator is then fed into the Switch Drive Unit, which converts logical pulses 
into pulses that the particular semiconductor switch can accept. Note that the pulse train 
output from the controller is indicated by the shaded time slices in Figure II-4. Shaded 
areas are the times when the pulse is a logical zero, and non-shaded times are when the 


pulse is a logical one. 


———— 7 —_ t (sec) 


Figure IIl-4 PWM Switch Control 


PWM is well understood and the state-space model derivation 1s 
straightforward. With PWM control, two state-space models are applicable to the system, 
one for when the switch is on and one when it is off. These two models may be easily 
collapsed to a single averaged model which removes switching dynamics but otherwise 


accurately describes the system as long as the inductor current remains continuous. [15] 


2. Current-Mode 


Current-mode switch control is now introduced and compared to PWM switch 
control. A block diagram of one possible current-mode implementation of the Switch 


Controller is shown in Figure II-5. The Switch Controller consists of five components: 


15 


the Current-Mode Control! Unit, Slope Compensation, Comparator, Switch Drive Unit, 


and Clock. 





Current Mode Slope Sa ane 
Control Unit Compensation Comparator ~ Switch Drive Unit 








Figure II-3 Current-Mode Switch Controller Details 


a) Current-Mode Control Unit 


The Current-Mode Control Unit performs the same function as the PWM 
Control Unit. Namely, it generates a reference current signal using V_,, and various 
feedback signals. Figure [1-6 illustrates a simple Current-Mode Control Unit. This 
controller realizes PI control on the voltage error, V,,,— ve. The Current-Mode Control 
Unit output signal is the commanded inductor current. The algorithm realized by the 


controller is 


ri 


i*=h, [Vey —v¢ )dt +h, Voy -Vc ). (2-5) 
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Figure II-6 Simple Current-Mode Control Unit 


b) Slope Compensation 


Figure IJ-7 shows the commanded inductor current i* and the actual 
inductor current 7, for one switching period. Both 7* and i, are comparator inputs. At the 
start of the switching period, 7, 1s increasing because the switch is closed. The switch is 
opened when i, reaches i*. At this time 7, begins to decrease as the free-wheeling diode 
conducts the current. Of course, i, rises and decays exponentially due to any parasitic 
resistance. Since the time constant of this decay is much longer then 7, , inductor current 


i, transients are represented as straight lines. 





Figure II-7 Current-Mode Comparator Inputs Without Slope Compensation 
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Notice in Figure II-7 that when a perturbation causes 7, to be abnormally 
high at the start of one switching period, i, will be low at the start of the next switching 
period. The dashed i, plot in Figure II-7 shows such a perturbation. It can be shown that 
for one switching period, the relationship between input perturbation magnitude AJ, and 
output perturbation magnitude AJ, is 

ra) (= as os (2-6) 
where D is the steady-state duty ratio. Therefore after n switching periods, the 
relationship between A/,, and output perturbation magnitude AJ, is 

AS (- 2.) Dili (2-7) 
This equation may also be written in terms of the rising 7, slope m, and the falling i, slope 
m, as follows. 
Mi = - m2 Al,. (2-8) 
mM, 
From Equation (2-7) it is apparent that for D greater than 0.5, the perturbation magnitude 
will grow over switching periods. 

To provide stable current-mode operation for any value of D, slope 
compensation is introduced. As illustrated in Figure II-8, slope compensation modifies 
the commanded current i* by lowering it at a constant rate m. This modification to i* is 
reset to zero at the start of each T,. A sequence of several switching periods using slope 
compensation is shown in Figure II-9. The expression relating A/,, and AJ, with slope 


compensation 1s 





Al, = - me =| Nu (2-9) 


m, +m 
Therefore the rate at which i* is modified directly affects the duty ratio 


below which perturbations are diminished. The ideal case is when the modifying slope m 
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is equal to m, (the rate of i, decay with the switch open). In this case, as shown in Figure 


II-8, perturbations are eliminated after one switching period. [17] 







* with slope compensation 


qT, 


Figure II-8 Current-Mode Comparator Inputs With Slope Compensation 


Cc) Comparator and Switch Drive Unit 


Figure II-9 shows both comparator inputs for several switching periods, 
similar to Figure II-4 in the PWM explanation. As in Figure II-4, shaded areas in Figure 
II-9 indicate times when the comparator output is a logical zero, and non-shaded areas 
indicate times when comparator output is a logical one. Again, the switch drive unit 
converts logical zero and one pulses into pulses which will trigger the particular 


semiconductor switch. 
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Figure II-9 Current-Mode Switch Control 


d) Clock 


The clock is necessary in order to turn the switch on at the beginning of 
every switching period. Recall that with PWM, the sawtooth drops below the 
commanded duty ratio signal to trigger switch turn-off. With current-mode switch 
control employing slope compensation, commanded and actual inductor current are equal 
at the end of the switching period. Therefore their comparison cannot be used to trigger 
switch turn-on. Instead, a clock is used to turn the switch on every switching period. The 
clock pulses must also be fed into the Slope Compensation circuit in order to reinitialize 


the slope to zero each time the switch is turned on. 
ec: CONTROLLER DESIGN FOR LOAD SHARING 


Load sharing among converter modules is implemented by each converter in 
parallel forcing its output current to be close to some commanded value. Such a function 
is necessarily part of each converter’s own switch controller. Load sharing techniques 
differ in that they have different sources for the commanded value of current. There are 
essentially two possibilities for the source of this signal—internal to the converter or from 


some outside source. Load sharing schemes in which converters are fed a signal from 
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some outside source are generally known as centralized control since it 1s a central 
control unit that will generate such a signal. Load sharing schemes in which the 
commanded current is generated from within each power module are known as 


distributed control. 


1 Centralized Control 


With centralized control, a central unit monitors current sensed from all 
converters’ output. The central unit then passes a commanded output signal to all 
converters. [18-20] Centralized control works well but has a few drawbacks. One 
drawback is that if an additional converter is placed in the system, the central unit must 
receive the new converter’s sensed signals and must send that converter the commanded 
signal. Therefore centralized control is incompatible with the PEBB concept of having 
multiple converters in a system which have no control interconnections. Another 
drawback is that severing either the sensing lines or the command signal lines will cause 
the system’s load sharing feature to fail while the system as a whole continues to operate. 
Thus system behavior is unpredictable in the event of a casualty when centralized control 
is used. 

One version of centralized control is master-slave load sharing. With master- 
Slave, one of the converters acts as the master, sending signals to other converters to tell 


them what their output currents should be [19, 21]. 


2. Distributed Control 


Distributed control, on the other hand, is where each controller knows its share of 
current with no external signals applied. The traditional mechanism for distributed 
control is droop. With the droop method, the converter’s output voltage is set based on 
its output current. When several converters are connected in parallel they will all have 


the same output voltage. Thus their currents will be forced to be equal as well. If one 


a 


unit’s output voltage is increased, it typically assumes a larger portion of the output 
current. Thus, if the reference voltage is decreased as the output current 1s increased, a 
self-regulating mechanism is put in place. Thus when voltage vs. current are plotted, the 
graph is the familiar “house curve.” [22-23] 

In previous research, droop was shown to function well when two converters are 
paralleled. However, load sharing performance is degraded when three or more 
converters are connected in parallel. Droop performance can be improved by increasing 
the voltage/current slope of the house curve. But if that is done, voltage will vary over a 


potentially unacceptable wide range. 


3. Frequency-Based Load Sharing 


Perreault, Selders, and Kassakian from MIT suggest a new approach to distributed 
contro] which they call frequency-based control [24]. They suggest that if each controller 
for a series of dc-dc converters receives an estimate of the average output current from 
each of the converter modules in parallel, including its own output current, then it may 
compare that estimate with its own output current and adjust its output to match that from 
the other modules. This method is new because the current estimate is a frequency- 
domain derived signal. 

Perreault proposes three possible frequency-domain mechanisms by which 
converters may communicate their output current [24]. In the first method, called the 
output perturbation method, a small sinusoidal signal is superimposed onto the output of 
each converter. That signal has a frequency corresponding to the converter’s own output 
current. Therefore at the node which connects the parallel modules, the voltage will be a 
dc level plus the sinusoidal components from each of the converters. 

The second method, which they call isolated single-connection, uses a dedicated 
bus to convey current information, and not the power output cable. The third method is 
called switching ripple. In this method, switching frequency is adjusted corresponding to 
the converter’s output current. In PEBB applications with a fixed switching frequency, 

J 


these latter two methods are unacceptable. Thus the output perturbation method is most 
suitable. 

Therefore when the output perturbation method is used, each converter senses its 
own output voltage, and from that, it analyzes the frequency content and extracts an 
estimate of the average frequency, then converts that to a current estimate. The 
perturbation generator is a simple voltage-controlled-oscillator (VCO). 

The only difficulty with this new load sharing approach is in implementing an 
algorithm which produces an estimate of the average frequency. The method Perreault 
proposes is rms estimation [24]. 

Figure IJ-10 shows a block diagram of the hardware implementation of a current- 
mode controller employing frequency-based load sharing. The three new blocks in the 
diagram are the Frequency Estimator, the Perturbation Generator, and the Reference 
Voltage Controller. The Output Voltage Controller and Cell Power Stage are similar to 


the Switch Controller and Power Section as shown in Figure IJ-1. 
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Figure II-10 Current-Mode Controller with Frequency-Based Load Sharing Block 
Diagram from Perreault 


These three new components will be briefly discussed. The Reference Voltage 


Controller consists simply of a series of summing circuits which adjust V, 


€ 


, according to 


the difference between @,,,, and @,,. 


Zo 


The Perturbation Generator produces a sinusoid whose frequency is a function of 
the converter’s inductor current or of commanded inductor current. The perturbation 
frequency range was chosen as 2 kHz to 5 kHz. This range was chosen such that 
perturbation frequencies fell well below the switching frequency of 20 kHz, and above 
the control bandwidth of approximately 1 kHz. The 2 kHz minimum perturbation 
frequency corresponds to zero commanded inductor current, and 5 kHz corresponds to the 
case where commanded current equals the converter’s rated output current. Viewing the 
block diagram of Figure II-10, note that in addition to generating the perturbation 
sinusoid itself, the Perturbation Generator must also generate a signal related to the 
perturbation frequency. The Perturbation Generator 1s a relatively simple circuit, 
consisting of basically a VCO. 

Each converter senses its own output voltage v, for comparison with reference 
voltage V,,,. As discussed previously, voltage oscillations from parallel converters, as 
well as from the local converter, are present at the local converter’s output. When 
connection resistances are small, the magnitude of the perturbations from parallel 
converters is attenuated very little, and the frequency content of v, is a good 
approximation of the combined output. The Frequency Estimator therefore uses the 
oscillations on the sensed v, signal to approximate combined output voltage perturbations 
from all converters and generates a signal related to the combined perturbation frequency 
content. Thus, each individual converter module requires no external sensors for load 
sharing. The Frequency Estimator is the heart of the frequency-based load sharing 
scheme as proposed. The next chapter explores this component in greater detail. 

The block diagrams shown in this chapter have been nested. Note that in Figure 
II-1, a generic switch controller is shown in the shaded box. Figure II-5 shows the block 
diagram for that switch controller when current-mode control is used. The Current-Mode 
Control Unit in Figure II-5 is shown as a shaded box, and Figure II-6 shows a block | 
diagram of that shaded box. Now, Figure I-11 shows an alternative to Figure [I-6, a 


Current-Mode Control Unit which uses frequency-based load sharing. This block 
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diagram in Figure IJ-11 is similar to that of Figure IJ-6. The following chapter explains 


the contents of the shaded Frequency Estimator block in Figure [J-11. 
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Figure IJ-11 Current-Mode Control Unit Employing Frequency-Based Load 
Sharing 
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Ill. RMS FREQUENCY ESTIMATION CIRCUIT 


A. INTRODUCTION 


To implement frequency-based load sharing, an estimate of the current from all 
converters is required. Perreault suggests rms estimation using a simple circuit [24]. Part 
of the research associated with this thesis involves the construction of an analog rms 
frequency estimation circuit similar to that described in [24]. This circuit replaces the 
shaded blocks in Figure II-10 and Figure II-11. The estimation circuit input is the 
converter module’s own output voltage. Its output is a signal related to the frequency 
content of that output voltage. The rms estimation circuit realizes the function 


ae: ee ae: 
C1 D port) + ©. penta 3D ports 


(2 Ee (3-1) 
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2 Zz 2 
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Where Dyers Opera» ANd @,-n3 are perturbation frequencies corresponding to the three 
converters’ output currents; and c,, c,, and c, are weighting constants for each frequency. 
These constants are assumed to be unity when the perturbation signals from each 
converter have equal amplitude. 

The proposed rms estimation circuit in [24] has four key components. A 
bandpass filter at the input removes frequencies from the estimation circuit input which 
do not contain load sharing information. That is, the switching frequency should be well 
above the passband and the control dynamics well below the passband. The 
Differentiator converts frequency to amplitude information. The RMSDC Circuit 
converts a sinusoidal signal into a dc level corresponding to the amplitude of oscillation. 
The Dividing Circuit normalizes the estimated output ,,,. for the input signal amplitude. 


A block diagram for this circuit as proposed in [24] is shown in Figure III-1. 
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Figure IIJ-1 Frequency Estimator Block Diagram from Perreault Paper 


Circuit B 


’ RMSDC 
RMSDC 





A schematic for the rms estimation test circuit is shown in Figure III-2. The 


following discussion explains the design of each sub-component. 
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Figure III-2 RMS Frequency Estimation Test Circuit Schematic 


B. TEST CIRCUIT CONSTRUCTION 


Summing Circuit 


The Summing Circuit was built in lab to simulate the output from the bandpass 


filter in the actual circuit. The Summing Circuit was constructed as a simple operational 
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amplifier (op-amp) inverting summer, built as shown in Figure III-2. Input signals v,,, 


and v,,, were sinusoids of 0.01 V amplitude. 


in2 
One notable characteristic of the Summing Circuit is that the amplitude of the 
output waveform has a maximum amplitude equal to twice that of the input sinusoids. Of 
course, this behavior is expected. One design implication is that the signal could 
potentially be greater than the op-amp’s 15 V supply voltages when several converters are 
in parallel. That would cause clipping of the intermediate signal v,,,, and inaccuracy oi 
the estimation circuit in general. 
In order to illustrate the characteristics of the Summing Circuit just discussed, a 
mathematical description is presented. This development shows that the output 
amplitude is expected to be scaled as a multiple of the number of inputs. Signals applied 
to v.,, and v,,, may be represented by Equations (3-2) and (3-3). 
V1, =V,+A,sin(@,t+,) (3-2) 
V9 =V, + A, sin(@,t +9, ) (3-3) 
With the gain of each channel set to minus one, the Summing Circuit output v,,,, 
(Figure III-2) is expressed as the sum of v.,, and v,,,, as shown in Equation (3-4). The 
inverting summer introduces minus signs into the expression. 
Voum = —Viny ~ Ving = V, —V, — A, sin(@,t + 0,) — A, sin(@,t + 8, ) (3-4) 
Since the Summing Circuit output simulates that of a bandpass filter, DC voltages 
V, and V, were fixed at zero in the lab. Thus the Summing Circuit v,,,, output may be 


expressed as 


Vom = A, Sin(@,t + 6,) — A, sin(@,t + 8, ). e->) 


2. Differentiator 


The function of the Differentiator is key to operation of the entire rms frequency 
estimation circuit. The Differentiator performs a linear conversion from frequency to 


amplitude. An op-amp Differentiator also scales the output based on the selection of Rp 


Mg 


and C,, the resistor and capacitor values illustrated in the Differentiator shown in Figure 
III-2. Thus the differentiator—and the rms estimation circuit as a whole—may be tuned 
so that the output is scaled appropriately for a specific range of input frequencies. 


The equation governing the differentiator is 


Vai = -RC Sa (3-6) 
The Differentiator input is the sum of sinusoids from Equation (3-5). When v,,,, 1S 
differentiated and multiplied by R, and C5, the Differentiator output is 
Vag = AO, RpCp cos(@,t + O,) + A,@,RpCp cos(@,t + O,). (3-7) 


Equation (3-7) therefore shows that the peak differentiator output voltage 
amplitude is the sum of the input sinusoid amplitudes, A, and A,, each scaled by the 
constant @R,C,. For the test circuit, R, was chosen as 33 kQ and C, as 1.54 nF, thus the 
time constant R,C, = 50.8 us. In the frequency range 2 kHz to 5 kHz, the angular 
frequency range of wis 12,600 to 31,400 rad/sec. The corresponding range of @RpC, is 
0.6 (for both inputs at 2 kHz) to 1.5 (for both inputs at 5 kHz). 

Obviously the choice of Rp and C, allows flexibility in matching input and output 


signal levels for the Differentiator. 


3. RMSDC Circuit 


An AD536A performed the rms-to-dc function in both instances in the circuit. 
Two identical RMSDC Circuits were built and are designated A and B in Figure III-2. 
Both A and B circuits were set up according to the standard configuration suggested in the 
AD536A datasheet, which is in Appendix D, Part A. It was found that timming neither 
the scale factor (pin 1) nor the offset adjust (pin 9) provided the magnitude of coarse 
tuning desired. For that reason, both RMSDC Circuits were constructed using the 
standard setup as defined in the AD536A datasheet. Scaling and offset for overall circuit 


output were performed at the Divider Circuit and not at each RMSDC Circuit. 
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Capacitor C,, between pins 4 and 14 acts to damp the output response. If Cy is 
too low—on the order of 0.1 pF—the output oscillates even when input signals have a 
constant frequency. If C,, is to high—on the order of 40 pF—the output takes too long 
to reach equilibrium following a change in input. Thus the 4 pF recommended by the 


datasheet is a conservative value, at least for the frequencies of concern in this setup. 


e 


4. Dividing Circuit 


RMSDC Circuit A, which is driven by the differentiator, has a de output 
proportional to the amplitude of the input oscillations. RMSDC Circuit B has a de output 
proportional to the input sinusoid amplitude and is unaffected by changes in input 
frequency. The Dividing Circuit realizes an A + B operation, where A and B are outputs 
from RMSDC Circuits A and B respectively. This function normalizes the overall circuit 
output, completely removing output signal dependence upon input signal amplitude. 
Thus, the output of the rms frequency estimation circuit is a function only of the input 
frequencies. 

An AD534 was configured as a divider. The setup as shown in Figure III-2 is 
different than that recommended by the datasheet, which is in Appendix D, Part B. The 
datasheet configuration was not used because it produced a negative output voltage 
through the range of inputs expected with this circuit. The discussion that follows 
provides a detailed explanation of the AD534 setup as implemented in the test circuit. 

The AD534 has three inputs. Each input is defined as a voltage difference 
between two pins. The three inputs are X (Vji4; — Voino)s Y Voins — Vpinz)s and Z (Vein — 
Vinio)» Lhe AD534 is governed by the equation 

Xx Y=10V x Z. (3-8) 

When the AD534 output is tied to one of the Y pins, as in Figure JI]-2 where pins 
7 and 12 are connected, then AD534 output is proportional to Z+.X. One of the Z pins 
(pin 11) and one of the X pins (pin 2) are tied to ground. The output from RMSDC 
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Circuit A drives Z at pin 10, and the output of RMSDC Circuit B drives X at pin | to such 


that Z + X realizes A + B. Pin 6 is driven by an adjustable voltage. Adjusting V,,,. with 
potentiometer R, provides a zero adjust for the Dividing Circuit and for the rms 
frequency estimation circuit as a whole. [24] 

The AD534 output driven by pin 12 is on the order of 10 V and may be too high 
since the estimation circuit input voltages v,,, and v,,, have amplitude on the order of 10 
mV. To lower the output voltage without any loss of accuracy, a simple voltage divider 
scaling is used, represented by R, (Figure III-2). Both R, and R, should be chosen 


sufficiently large enough to limit their power consumption to within acceptable limits. 
Gs CIRCUIT TUNING 


The rms estimation circuit was tuned to give zero output with all inputs at the 
nominal minimum frequency and approximately 10 mV output with all inputs at the 
nominal maximum frequency. Nominal minimum and maximum frequencies were 
chosen at 2 kHz and 5 kHz respectively. They were chosen to lie between the switching 
frequency of 20 kHz and the control bandwidth of approximately 1 kHz. 

All output tuning is performed at the Dividing Circuit. Resistor R, adjusts the dc 
zero Offset and R, adjusts the output scaling. The procedure for tuning the circuit is as 
follows: 

1. Set all input frequencies to nominal minimum. 
2. Adjust R, to obtain zero volts at v,,,. 

3. Set all input frequencies to nominal maximum. 
4. Adjust R, to obtain v,,, = 10 mV. 

The output value of 10 mV was chosen so the output will have the same order of 
magnitude as the input signals. The rms estimation circuit may be designed to 


accommodate any reasonable input or output levels. 


32 


D. CIRCUIT PERFORMANCE 


Recall that the rms frequency estimation circuit should realize Equation (3-1). 
After the circuit as described was constructed, tests were performed to investigate how 
closely the test circuit output v,,, follows that predicted by the Equation (3-1). Static 
performance was analyzed to verify that the steady-state estimation circuit output was 
indeed a function of the input frequencies and to verify that the output was as predicted 


by Equation (3-1). Dynamic performance is also touched upon briefly. 
ie Static Performance 


To test static performance, two separate sinusoidal inputs were connected to the 
estimation circuit, each with an amplitude of 10 mV. One input was varied from 2 kHz to 
5 kHz in 1 kHz increments while the other input was varied in the same range in 0.5 kHz 
increments. Input sinusoids were generated by two separate PM5134 Function 
Generators. Circuit output was manually recorded at each data point. Output voltage was 
measured using a Tektronix 2212 60 MHz Digital Storage Oscilloscope, using that 
instrument’s digital readout. 

Recall that the rms estimator test circuit was tuned for a v,,, of zero when all input 
sinusoids were 2 kHz and for 10 mV when all input sinusoids were 5 kHz. Equation (3- 
1) does not predict frequencies in this range, however. The range of angular frequencies 
predicted by Equation (3-1) 1s 2 kHz to 5 kHz. Because of this difference, both the test 
circuit data and the theoretical data were normalized. After normalization, both sets of 
data were in the range 0 to 1, which allowed the two sets of data to be compared. 

Figure III-3 shows the normalized theoretical data, predicted by Equation (3-1), 
and the normalized experimental data plotted together. Differences between the two sets 
of data are easily explained by the fact that input frequencies may not have been exactly 
as desired because the digital function generators were adjusted manually. With this 


source of error considered, the two sets of normalized data have very good correlation. It 
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may be concluded from this static performance analysis that the rms estimation circuit 
proposed by [24] indeed realizes the function of Equation (3-1). 

It should be noted that when the test circuit was fed two inputs of essentially equal 
frequency, the summing circuit produced a slowly oscillating standing wave. This 
standing wave had the effect of causing the estimation test circuit output to oscillate 
slowly. Theoretically, the same effect could occur with two nearly identical frequencies 
input into a bandpass filter. This standing wave should not be observed when the 
estimation circuit is placed in a closed-loop controller because the output from the 
estimation circuit will affect converter output. Thus if controller output becomes subject 
to this standing wave effect, converter output current will be altered, changing that 
converter’s perturbation frequency, and finally making the two perturbation frequencies 


unequal, and abating the standing wave. 
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Figure III-3 Normalized Theoretical vs. Experimental Test Circuit Data 


pa Dynamic Performance 


No quantitative dynamic analyses were performed on the test circuit. However, 
some remarks may be made regarding qualitative observations of the circuit. One key 
observation was that the output does not reach equilibrium instantaneously upon change 
in the input frequency. This is because of the time constant associated with both RMSDC 
Circuits. Recall that capacitor C,, in the RMSDC Circuits controlled the time constant. 
Too small a value of C,,,, caused oscillation and too large a value of C,, slowed the 
response unnecessarily. Therefore, C,,, must be chosen to satisfy both of these 


conflicting requirements. 
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E. CONSIDERATIONS FOR DESIGN AND SIMULATION 


The following paragraphs summarize what was learned by evaluation of the rms- 
to-de circuit and construction of the test circuit. | 

The output from the bandpass filter has amplitude equal to the amplitude of one 
input sinusoid scaled by the number of parallel converter modules. The bandpass filter 
should be designed such that, given the amplitude of the input frequencies in the range of 
interest, the output should stay well within the power supply limits (+15 V to —15 V for 
example) to avoid clipping. 

The perturbation frequency range and amplitude should be the same for all 
converter modules in parallel. Even converters with different power ratings may be 
paralleled if the perturbation frequencies corresponding to maximum and minimum 
current are the same for all parallel converters. 

Even though the output perturbation method is seen as the most useful 
implementation, the switching ripple method 1s a good option if variable switching 
frequency is allowed. With the switching ripple method, recall that switching frequency 
is varied according to the converter module output current. An obvious advantage with 
this method is that since the minimum perturbation frequency 1s much higher, control 
bandwidth may be extended as well. A disadvantage of variable switching frequency is 
that it produces higher switching losses. Soft switching may be required to bring 
switching losses down to an acceptable level, especially in converters rated at greater than 


10 kW. 


36 


IV. MATHEMATICAL MODEL DEVELOPMENT 


A. APPROACH TO DIGITAL SIMULATION 


Previous chapters explain exactly what constitutes a current-mode converter with 
frequency-based load sharing. The next two chapters document the development of a 
mathematical representation and a digital simulation of a system of three such converter 
modules in parallel. The following list briefly outlines the required steps to prepare a 
digital simulation of the system of converters: 

e Develop a state-space-averaged model for the converter power section. 

e Devise a controller algorithm, with gains being unknown variables. 

° Place that controller algorithm and the equations governing the power section 

behavior into state-space form. 

e From that state-space model, derive the characteristic polynomial for the 

entire system with gain variables as unknowns. 

e Knowing the desired system characteristic polynomial (from selected pole 

locations), solve the system polynomial for controller gains. 

e Using those gain values, evaluate the system performance in the digital 

simulation. 

With that framework established, it is first necessary to show the development of 
the controller algorithm. 


B. SINGLE CONVERTER GAIN DERIVATION EXAMPLE 
The following discussion outlines a simple example using the derivation steps 


listed above. A state-space model for a single current-mode converter is ultimately 


derived. 


oy 


To start the derivation, it is known that two differential equations are required to 
represent the power section of a buck converter: One for the capacitor voltage state 
variable v. and one for the inductor current state variable i,. The differential equation 
governing Vc 1S 


Oe oi, =e (4-1) 
where 7, 1s the averaged inductor current and /,p is the averaged output current. As a first 
approximation, the differential equation for the state variable i, may be neglected when 
current-mode switching is used. Since the inductor current i, 1s always very close to the 
commanded current /*, the state variable may be approximated with i*. This 
approximation reduces the order of the resultant state-space model and does not 
significantly affect system response [17]. Derivation of a system of buck converters 
which includes the i, state variable is explained in Appendix A, Part A. 

The starting point for a commanded current algorithm is to use the simple 
algorithm from Equation (2-5) which uses no load sharing mechanism. That algorithm 
again 1s 

*=h, (Veg —Ve )at +h, Vig — Ve): (4-2) 

The integral term implies that the voltage error (V,,,— v-) is a state variable. 

Rewriting Equation (4-2) to separate the new state variable, x, yields Equations (4-3) and 


(4-4). 


i*=h,x+h,(V,,-—v¢) (4-3) 
dx 
a 4-4 
at re Ve ( ) 


Equations (4-1), (4-3) and (4-4) therefore describe a single current-mode- 
converter. Recall that when the assumption that i, = 7* is made, the expression for 
commanded current, Equation (4-3), is substituted into Equation (4-1). This expanded 


expression 1S 
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oy ~1 i h h 
— = —— -— |+x| — }4+V,,,| — |. 4-5 
at ve( = =| {2 o({%) >) 


The two first-order differential equations from Equations (4-4) and (4-5) are now 


placed into state-space form, shown in Equation (4-6). 
-l1 h, h h 
div a remot oe a ae 
"| RC C C "es ee (4-6) 


The square matrix in Equation (4-6) is typically referred to as the system matrix 








A. Its eigenvalues, denoted by /, are roots of the characteristic polynomial |A/ — A|. That 


characteristic polynomial is 
V+ ( + ak + (4s) =i) (4-7) 


The coefficients of this polynomial are functions of the current-mode controller 
gains, h, and h,. The final step in determining numerical values for these gains is to solve 
the system for a particular desired polynomial. For example, desired system poles —1000 
and —800 give the characteristic polynomial 

A +1800A + 800,000 = 0. (4-8) 

To calculate gains h, and h, which provide system response identical to the 
system with the characteristic polynomial given by Equation (4-8), the coefficients of like 
powers of 4 in Equations (4-7) and (4-8) must be equal. Thus the following two 


expressions apply. 


ee ee (4-9) 
ROWE 
h 
$00,000 = (4-10) 


Capacitance C, as stated earlier, is 400 pF. Load resistance R at full load is 10 2. 
The gains are found to be h, = 0.62 and h, = 320. The Matlab m-file with which these 


gains were computed is shown in Appendix B, Part A. That single-converter model may 


oe 


be used to calculate gains when desired poles are given or to calculate system poles when 


gains are given. 
C. CONTROLLER ALGORITHM DERIVATION 


The preceding example illustrates the basic process by which controller gains are 
calculated. Complexity will now be added to the model discussed previously, and the 
same steps taken to derive controller gains. 

At the outset of this research, it was desired to incorporate frequency-based load 
sharing, as introduced by [24], into a PWM switch control scheme. All converters 
constructed to date in the DC ZEDS use PWM switch control. Adding the frequency- 
based circuitry to the existing controller framework was the first logical step. The 
controller algorithm therefore would be similar to that of Equation (2-4). That 
commanded duty ratio algorithm for a PWM controller, employing droop load sharing, is 
repeated in Equation (4-11) for convenience. 

d* = Prep Mato h, Vyep —hgi, Vo) + My [Crs —h,i, —vo \at + h(i, —i,) Gale 

Droop load sharing will be replaced with frequency-based load sharing. When the 
droop-related terms are removed from this algorithm as a step toward adding frequency- 


based load sharing, the equation becomes 





: 
dt =F + hy Voy —Vo) + hy [Vag —¥e at + hifi, i). (4-12) 


in 


Adding frequency-based load sharing requires modifying V,,, in proportion to the 


frequency €ITOr (Wz — Open) - Since the perturbation frequency is a linear function of 
commanded inductor current, this frequency error represents current error. Incorporating 


such a term into the algorithm of Equation (4-12) gives 
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) 
— a h, (V,. ae h (Des a W oe) ~ u ) 
V. ae ‘en (4-13) 


+2, (Wray — hy (cur ~ ® pen) — Ve Jat + h(i, -i,) 
where load sharing gain h, is yet to be determined. 

A digital simulation was developed for two converters using Equation (4-13). 
That simulation showed that system performance with unequal connection resistances 
was unsatisfactory. Each converter’s output current tended to oscillate about the desired 
value before settling after a transient. It was speculated that this oscillatory behavior was 
caused by the fact that PWM does not control current directly. Because of these 
unsatisfactory simulation results, the research effort was redirected toward an 
investigation of current-mode control. In addition, current-mode control was employed 
in Perreault’s work. 

Perreault [24] does not recommend any particular controller algorithm. A suitable 
control algorithm was needed. It was decided to use as simple an algorithm as possible 
and add complexity as needed to correct problems. The starting point for choosing an 
algorithm is the control law introduced in Equation (2-5). That algorithm is as follows. 

*=h, (Vy — ve )at +h, Vier -Ve) (4-14) 

This algorithm implements proportional-integral (PI) control on the voltage error. 
Integral control maintains zero steady-state voltage error. Proportional control provides 
transient stability. Adding frequency-based load sharing to this algorithm is 


accomplished much the same way as for PWM in Equation (4-13). Reference voltage V,,, 


is modified in proportion to the frequency error. The resulting algorithm is 


i* eZ h, [Coe - h, (0., = pen )- VG Jat a h, V., - hy (0, ad D pert )- We ). (4-15) 
D. TWO-CONVERTER STATE-SPACE DERIVATION 


With this control algorithm decided upon, the next step is to put the entire two- 


converter system into state-space form. A system of two or more parallel converters must 
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be represented in a single state-space model because the output voltage of each depends 
on the output current of all converters. 

Equation (4-1) governs the power section behavior, as in the single-converter 
model. The inductor current state variable 7, is neglected, as in the single-converter 
derivation. The only change is that two converters are modeled together, and that the 
switching control algorithm for both is as defined in Equation (4-15). Subscripts are 
added to the terms in the following derivations to distinguish between converter | and 2. 

Consider a two-converter system similar to the three-converter system of Figure 
II-1. Rewnting Equations (4-1) and (4-15) to include subscripts and to include the 
connection resistances network, the following two expressions are derived. 

Ao 
dt 
i*=h,, V7 rr (0.4 — D peri )- Vo )dt iy V5 —hy, (O.. — ® pert )- Vel \(4-1 1D) 

Equation (4-17) is rewritten as two equations to separate state variable x,, as 


shown in Equations (4-18) and (4-19). 


a al (4-16) 


i *=h,yxX, +h, Vier hy, (0.. ~ D pen )- ral (4-18) 
a = Vf = hy, (5 —~ ® pert} ik Vo (4-19) 


Again making the assumption that 7,* = i,,, i,, in Equation (4-16) is replaced by 
the expression for 7,* of Equation (4-18). Equation (4-16) rewritten after that substitution 


1S 





re (are ee dp 
a = C ae C Vr ~ hy, (0.4 —~D nert\ \eve ar : (4-20) 


Expressions for converter 2, similar to those in Equations (4-19) and (4-20) for 


converter 1, are 


= ae: 7 hy (0.5 ~ QD ner? )- Vo2 (4-21) 
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UIE epee loo 
" ~ C. = C, V2 Ay, (2, a (4-22) 





Considering only converter | in the derivation, note that Equations (4-19) and (4- 


20) cannot be placed into state-space form because neither is expressed entirely in terms 
of state variables. Converter module output current i,, and the frequency error (@,,, — 


@yeri) Must be expressed in terms of state variables v¢,, x), Ve, and x,. Derivation of these 


quantities is presented in Appendix A, Parts B and C. The resulting expressions are as 








follows. 
in = Voy (Ath i: val = ~ (4-23) 
i= val = fio |, ih) (4-24) 
(ng © pnt )= 5e—Deal-Ry ~2Rin)+ ¥eo(R + 2Reo) (4-25) 
(Ong ~ pena )= re [ves(R, + 2Rrp) + Ver(-R, — 2R ny) (4-26) 


where a, and f are defined in the aforementioned Appendix subsections. 
Considering still converter 1, Equations (4-20), (4-23), and (4-25) are combined 


into a single expression as follows. 








dv 
a = el (a, )+ x; (a,, )+ Ve2 (a,; )+ V ef (0, ) (4-27) 
where 
h,jh 
eres ee uP (— R, -2R,p) i tears (4-28) 
2C a, Ca, 
h, 
a= C (4-29) 
hh, B R 
Ji ‘vi LD 
a, = R, +2R,, )+ 4-30 
13 Neue (R, a) Gen ( ) 
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(4-31) 


Equations (4-19) and (4-25) for converter 1 are combined into the single equation 











Se = ya 1 oe + 2K) | + Ve, a (R,+2Rip)|+V ig (4-32) 
at oye 2a 
This equation it rewritten for clarity as 
dx 
7 = Vo (2,1) + Ve3(a43)+V reps (4-33) 
where 
a,,=—-1+ a, inP (Rh 22R (4-34) 
and 
—h 
a,, = oF (a, Ry) (4-35) 
Qa, 


Equations (4-27) and (4-33) constitute the state-space representation for converter 
1. A similar state-space representation is derived for converter 2 and is given by 


Equations (4-36) and (4-41). The expression for the converter 2 output voltage state 











variable is 
dv 
ae = Vo, (451) + Ve, (a,; )+x, (a,4)+V, ref 2 (d;, ) (4-36) 
where 
h,,h,,B R 
a,, =———(R, +2R,, )+ — 4-37 
130g, (R, +2R,y) PS (4-37) 
—h,.h 
Beg ~~ *lP _p op) ta Rit Ro (4-38) 
Zee, Cue Gc. 
a, = 7 (4-39) 
2 
h, 
b,, = @ : (4-40) 
2 


The expression for the converter 2 controller integral state variable is 





Oe = v6 (a,,)+ Veo (a3) + Vi ef? (4-41) 
where 
ay, = mes . (R, +2R,p). (4-42) 
and 
ay; =-1+ ER 2 Rep.) (4-43) 


The entire system of two buck converters with current-mode switch control and 


frequency-based load sharing is written as 


Ver a, A, 4; O | Ve, 5, 0 
gel Vera |i || 2 O a; O | x, LO ho (4-44) 
at Ve? a3, 0 G33 Az4 || Veo 0 b,, V ef? 

x5 ay O a, O | x, 0 I 


where a,, and b,, are defined in Equations (4-28) to (4-31), (4-34) to (4-35), (4-37) to (4- 
40), and (4-42) to (4-43) above. This state-space model was coded in a Matlab file, 
which is shown in Appendix B, Part C. 


E. DERIVATION SIMPLIFICATION 


At this point, it is constructive to consider the remainder of the derivation. A 
State-space model is now available, as shown in Equation (4-44). Recall from Part A of 
this chapter that the next step in the derivation is to express the system matnx 
characteristic polynomial in terms of the unknown gains. Several difficulties are 
encountered in taking this next step. | 

The first difficulty lies in the fact that more unknown gains exist than polynomial 
degrees. With three unknown gains h, , h, , and /, from each converter, there are a total 


of six gains in the two-converter system. The gains cannot be found explicitly. The 
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simplifying assumption which makes the most sense is that the integral gains for each 
controller are equal (h,, = /,, ), as well as proportional gains (/,, = /,,). With this 
assumption, the number of unknown gains is four, and may be found by solving the 
fourth-order polynomial. 

A more worrisome observation is that finding a closed-form expression for gains, 
given Equation (4-44) as a starting point, is very difficult. Obtaining a polynomial from 
the state-space model, as shown in the step between Equations (4-6) and (4-7), requires 
finding an expression for eigenvalues 4 of the system matrix A by calculating |A/ — Al. 
The 4 x 4 system shown in Equation (4-44) is rather complex and yields an unwieldy 
result. 

To overcome this difficulty, another simplifying assumption is made. Since the 
connection resistances are small relative to the load resistance, the effect of paralleling 
modules may be approximated simply by paralleling the output capacitors. Thus, 
multiple buck modules may be replaced by a single buck with appropriately increased 
output capacitance. Controller gains are therefore approximated by using the single- 
converter model with no load sharing and changing the value of C according to the 
number of parallel modules. 

The single-converter characteristic polynomial in Equation (4-7) is altered by 
replacing C with (2 x C), thus representing the additional capacitance added by a second 
converter in parallel. Load resistance R in Equation (4-7) must be changed as well 
because the rated power for two converters in parallel is twice that of a single converter. 
Minimum load resistance for the two-converter case is half that of the single-converter 
case. The table below shows load resistance and filter capacitance appropriate for 


estimating one-, two- or three-converter systems at full load or 10% rated load. 
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Ra) Cur) 
One Converter: 100 10 400 0.62 320 
One Converter: 10 100 400 0.71 320 
Two Converters: 100 5 800 4.24 640 
Two Converters: 10 50 800 1.42 640 
Three Converters: 100 S133 1200 “1.865 ->960 © 
Three Converters: 10 Src 1200 ee ee eee 



















Table [V-1 Simplified Gain Derivations 


Thus gains are approximated. Recall that the single-converter system used for 
calculating this approximation used no load sharing mechanism. No values for load 
sharing gain /, are calculated in this approximation. Load sharing gains will be found by 
trial and error once the simulation is run. 

It is desired to see how well this approximation for the two-converter system gain 
calculation works. To evaluate, appropriate gains are placed into the detailed Matlab 
representation for the two-converter system. Those gains used are h, = 1.24 and h, = 
640. Load sharing gains #, are set to zero for comparison purposes. Recall from Part B 
of this chapter that the desired system poles are -800 and -1000. The expected poles for 
the two-converter system if this approximation were perfectly accurate, are two at —800 
and two at-1000. The Matlab m-file in Appendix B, Part C is set up to calculate system 
poles when the above values of gains #, and h, are used for both converter module 
controllers. Connection resistances R, and R, are 1 mQ2. The resulting poles from this 
test are: —-2.503 1e+6, —2612.6, —612.42, and —0.63921. 

The poles for the system with approximated gains are all real, just as the desired 
poles for the single-converter system are. Notice however that the lowest pole is —0.6 
compared with —800, and the largest pole is -2e+6 as opposed to —le—3. Therefore the 
simulation for the two-converter system using these approximated gains will not have the 
Same transient response as a single converter. It is hoped that these gains are close 


enough to provide a stable simulation with which load sharing properties among two 


converters can be tested. 





F. POLE SELECTION 


It was asserted in Part B of this chapter that the desired system poles are real poles 
of -800 and -1000 and no explanation was given. These poles were found to give good 
system response when used in the single-converter current-mode system with no load 
sharing mechanism. Gains h, and h, were adjusted to minimize voltage overshoot and 
settling time for a load step change transient. The gains which were found by trial and 
error provided voltage spikes of less than 5 V when the step load change was 100% to 
20%. The poles associated with these gains are different from those first attempted. 

First, a slightly underdamped two-pole system was used. It was found that simulation 
with those system poles showed too oscillatory a response. Future work should include a 


method of finding desired system poles. 
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\. SIMULATION 


A. ADVANCED CONTINUOUS SIMULATION LANGUAGE MODEL 


The previous chapter presented derivations that were the basis for the 
determination of gains. The end goal of that exercise is to obtain gains for use in the 
digital simulation such that the system will have a suitable transient performance. 
Construction of the simulation model itself is relatively straightforward. All that is 
required is to represent the system governing equations in the syntax of the simulation 
language. The simulation tool used for this thesis is the Advanced Continuous 
Simulation Language (ACSL). The simulation was constructed in ACSL for a system of 
three parallel current-mode-switched buck converters using frequency-based load sharing. 

As derived in Chapter IV, the set of equations which fully describe a buck 
converter using current-mode switch control and frequency-based load sharing are the 


following. Subscripts indicate that these equations are for converter module number 1. 








dv He. ai i, 
a - C + C Vv. —h,, (o,, eae = vale (5-1) 
dx 
am =Vieg Ay (0., ~ QD pert )- Voy oO) 
bor = Ve (2B ie va Hi | (5-3) 
2 2 
(Ong ~ D pert )= aa vey (- R, as 2Rip )+ ion (R, a 2Rip )I (5 “4) 
2 


Constants @, and fare defined in Appendix A, Parts B and C. 

An ACSL representation for a system of three converters was constructed and is 
shown in Appendix C. Both the .csl file and the .cmd file are listed. The body of the .csl 
file was obtained from previous research work. That original .csl file was a detailed 


simulation for a single PWM-switched buck converter, which allowed for both 
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continuous and discontinuous conduction modes. Modifications to the switching rules 
were made to this file in order to simulate current-mode switching. The algorithm for the 
commanded current, as shown by Equations (5-1) to (5-4) above, replaced that for 
commanded duty ratio in the original file. Multiple converter modules are realized in the 
simulation by duplicating the governing equations for power section and controller 
section. Numerical subscripts are added to distinguish between the three converters 
represented. The dynamics of the resistance network in the power section required the 
use of the load voltage v,, and load current i,, derivations in terms of state variables for 
three converters, as described in Appendix A, Parts 1 b) and 2 b). 

As stated in Chapter IV, the gains for a multi-converter system are approximated 
by assuming a large aggregate converter and are not calculated explicitly. The 
approximated gains for one-, two-, and three-converter configurations at 100% and 10% 
load are summarized in Table IV-1. Referencing this table, h, = 960 and h, = 1.96 are 
appropriate for three parallel converters operating over a range of loading conditions. 

Load sharing gains h,, hp, hy are chosen experimentally. These gains are chosen 
at 0.01 because the load sharing performance has been proven with these values, and the 
system performance for which PI gains are chosen to optimize was not terribly 


compromised. 


B. LOAD SHARING PERFORMANCE 


1. Connection Resistance Effects 


A robust load-sharing mechanism will allow approximately equal current from all 
parallel converters when connection resistances are unequal. One ACSL simulation was 
run with connection resistances R,, R,, and R, equal to 0.02, 0.04, and 0.05 Q 
respectively. All frequency-based load sharing gains h,, hp, hz were set at 0.01. Figure 


V-1 shows the output from that simulation. 
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Figure V-1 ACSL Simulation: Different Connection Resistances, Load Sharing 
Employed 


As is evident in Figure V-1, inductor current stabilizes quickly to a value very 
close to that of the other modules. 

Figure V-2 shows the same simulation as in Figure V-1 except with load sharing 
gains hy, hp, hg set to zero. This simulated system fails to adequately share current and 


illustrates the need for a load sharing mechanism. 
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Figure V-2 ACSL Simulation: Different Connection Resistances, No Load Sharing 


2 Reference Voltages Effects 


A rigorous test of the frequency-based load sharing scheme was considered as the 
case where reference voltages were unequal. Figure V-3 shows simulation output for the 
unequal reference voltages where V,., = 280 V, V,.¢ = 300 V, and V.., = 320 V. In Figure 


V-3 also, load sharing was used and ha, hp, hg are set to 0.01. 
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Figure V-3 ACSL Simulation: Three Converters, Unequal Reference Voltages, 
Load Sharing Employed 


That same simulation was run without load sharing, with h,, hp, hg set to 0.0. 
Results of that simulation are shown in Figure V-4. The other parameters are unchanged 
from the simulation of Figure V-3. It is apparent that unequal reference voltages cause 
load sharing to fail. Figure V-3 shows that with load sharing, inductor currents are still 
not equal. The system may be designed for better performance by increasing /, 1f it is 
suspected that unequal reference voltages of this magnitude are possible. In general, 


however, such large discrepancies between reference voltages is not expected. 
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Figure V-4 ACSL Simulation: Three Converters, Unequal Reference Voltages, No 
Load Sharing 


c.. TRANSIENT PERFORMANCE 


The preceding discussion showed that the load sharing characteristics of the group 
of parallel converters works well when frequency-based load sharing is employed. 
Transient stability must also be considered. Recall that the controller gains were not 
selected to provide precise system poles but were instead approximated. The system is 
expected to perform marginally when gains are selected in this manner. The two 


simulation results show that this is indeed the case. 
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Figure V-5 shows simulation output for a step load change from 100% to 20%. 
Both the voltage spike of 20 V and the tendency of current to increase before settling at a 


lower steady-state value are undesirable. 
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Figure V-S ACSL Simulation: Three Converters, Step Load Change From 100% to 
20% 


Figure V-6 shows simulation results for the case of three converters online with 
one abruptly shut down. A converter would be brought on or off line by slowly ramping 
reference voltage up or down. The simulation of Figure V-6 is intended to prove 
performance in worst-case conditions, where one redundant power supply is perhaps lost 
due to battle damage. As with the step load change simulation, transient performance is 


marginal. This situation will hopefully be remedied by more careful gain selection. 
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Figure V-6 ASCL Simulation: Three Converters, One Powered Down Abruptly 
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VI. CONCLUSIONS 


A. SUMMARY OF FINDINGS 


Current-mode switch control is better suited than PWM for converters with load 
sharing because of its direct control of output current. Current-mode control is more 
robust than PWM in that respect. 

The rms frequency estimation algorithm and hardware proposed by [24] performs 
well. The analog model built during research generates an output signal which varies as 
the actual rms of the input frequencies. One simplifying assumption was that filtering 
would remove all frequency content except that related to load sharing. 

Simulations showed excellent load sharing performance with current-mode 


frequency-based control, even when controller gains were roughly approximated. 


B. FUTURE WORK 


Several areas of research related to frequency-based load sharing in the context of 
PEBB design within DC ZEDS were not fully explored. The following paragraphs 
outline some of the areas where this research may be continued. 

One aspect of frequency-based load sharing not examined was the correlation 
between perturbation input signal amplitude and perturbation amplitude at the converter 
output. In order to specify perturbation generator output signal amplitude, filtering of 
output voltage should be simulated. 

The next step in verifying the utility of frequency-based load sharing for DC 
ZEDS usage should be the construction of a hardware-in-the-loop model. Use of a 
dSPACE card on a workstation with Simulink allows a controller model to accept inputs 
from a hardware circuit while the simulation is in progress. Variables from that 


simulation may also drive outputs back to the hardware circuit. Since all components of 


a7 


a system of converters employing frequency-based load sharing, except the rms 
frequency estimator circuit itself, are easily simulated, a hardware-in-the-loop test using a 
frequency estimator circuit in hardware should be much more accurate than a purely 
digital model. | 

Controller gains were not precisely calculated for the simulations in this thesis, 
but were estimated because of the complexity of calculation. Numerical methods such as 
Newton-Raphson should be considered for precise gain calculation. 

One point of difficulty with the two-pole approximation of the multi-pole 
converter system is that placement of the two poles for slight damping yielded oscillatory 
response in simulation. The desired response was achieved when the two poles were 
placed on the real axis. This behavior is most likely caused by the fact that the two-pole 
system poorly approximates the actual system. 

Transient performance simulations in Chapter V Part C showed that the inductor 
current exhibits a nonminimum phase response—current increases initially before it 
settles at a lower value. If this behavior remains even in simulations for which precise 
gains are calculated, a possible solution is the inclusion of a current error term into the 
expression for i* (Equation (2-5)), similar to the term /,(i, — i,) in Equation (2-4),. This 
current error control would effectively provide PID control on converter output voltage v, 


and possibly further stabilize current excursions. 
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APPENDIX A: DERIVATIONS 


A. CURRENT-MODE STATE-SPACE DERIVATION 


Chapter IV shows a current-mode converter derivation in which the simplifying 
assumption i* = i, is made to justify neglecting the inductor current state variable. A 
more detailed analysis may require the i, state variable to be used, especially when slope 
compensation is employed, since compensation widens the gap between i* andi,. The 
following state-space model development includes i, in the analysis. 

The first task in the derivation 1s to find a single expression for the duty ratio din 
terms of the commanded current i* and state variables i, and v.. As [17] illustrates, 
inductor current at the start of each switching period, i, _,,, 1s expressed by 

Ipmin = 1 * —madT. (A-1) 
where m is the slope of the rising inductor current plus slope compensation, d is the duty 
ratio for the switching period in question, and 7, is the switching period. The quantity dT, 
represents the time the switch is on. Knowing that i,,,. is equal to i, at time (0.547), nave 


may be expressed as 


V,.—-v_ \dT, 
lravg =" min [ae | (A-2) 
Or aS 
= 
ing =i*~mdT, + [Fae J (A-3) 


when Equations (A-1) and (A-2) are combined. 
Slope m is the rising inductor current slope plus slope compensation and may be 


expressed as 


m=—#—£ 4 —£ A-4 
7 7 (A-4) 


Thus the expression for i,,,, may be rewritten as 
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_ je Vin a v-dl, 


lime a OT, oui (A=5) 
Equation (A-5) is the desired expression relating 7*, d, and the state variables i, 


and v.. However, Equation (A-5) 1s nonlinear. The expression is easily linearized as 
sing oi (Baa (Maa (Mar, a 
where V,, is the steady-state capacitor voltage, assumed to be equal to V,,,, and d, is the 
steady-state duty ratio, assumed to be equal to V,,,/ V,,. Of course, since this expression 
is linearized, the final state-space representation will be linearized as well. 
The next task in the derivation is to convert from input Ad to input Ai* by 
substituting the expression for Ad into the linearized state-space model. Equation (A-6) 


is therefore rearranged to solve for Ad. 


DIL 2L eh 
Ad = ea “Waavy” (A-7) 
Vn be Veer Ss Vin B: ey Ss : Va IF Vee in 
The linearized state-space averaged model for a buck converter power section is 
-] 1 0 
Av pre | Av 
4) co = C | ma ae Ad . (A-8) 
at Aly avg Cid 0 IAN Sais E 
£ 
Equation (A-7) is substituted into Equation (A-8) to replace Ad by Ai* as the system 


input. The result is as follows. 


ae 0 
| AVC ag | a c Wows | 4) V4 |ai*(A-9) 
dt Al; avg = ref =e Al, avg (Vv. ae Ves Ir. 


The final task in the complete current-mode state-space model derivation is to 
place a control algorithm into the model and thus convert the model input from Ai* to 
AV,.¢. The control algorithm from Equation (2-5) is used, which is expressed by 
Equations (A-10) and (A-11). 
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oe V ef 
at 


*=h,x+h,V,, * 


These equations must be linearized. 


— Ax = MV iy — 


d ee 


Ai* =h,Ax +h, (AV,, — Ave} 


(A-10) 


(A-11) 


(A-12) 


(A-13) 


The final task 1s completed by adding Equation (A-12) to the state-space model 


and by substituting Equation (A-13) into the open-loop model input A7* in Equation (A- 


9). The final result is 


d AVe avg ay Qa)? 0 AVc avg 0 
a Airave |=| 421 G22 3 |} Ady avg [+] By [AY ey 
isos -1 Q 0 Ax ] 
where 
Fee eh 
ll RC 
] 
oo = Cc 
ale 2ViA, 
eon Vin Vise ty wi a Ir, 
a 
V,, 7 Vie Ir, 
lly 
" Vin =lge, Ss 
and 
Dan 
b, — mov 
Vin ma rel es 
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(A-14) 


(A-15) 


(A-16) 


(A-17) 


(A-18) 


(A-19) 


(A-20) 


B. OUTPUT CURRENT CONVERSION 


The derivation in this section outlines how the converter output current i, 1s 
expressed in terms of state variables, both for the two- and three-converter cases. The 
two-converter expression 1s coded into the Matlab state-space representation for two 
converters, and the three-converter expression 1s used in the ASCL model. 

Recognize from Figure II-1 that converter module output current 7,,, according to 


Ohm’s Law, may be expressed as 
i.= vg iy (A-21) 


It is useful to derive an expression for load voltage v,p 1n terms of state variables 
as an intermediate step in deriving an expression for i,,. Since state-space representations 
for both two- and three-converter systems are presented in this thesis, the derivations to 
follow are performed for both cases. The following derivation holds for the power 


section of any buck converter, regardless of the control method. 


1. Load Voltage 


a) Two Converters 


Kirchhoff’s Current Law (KCL) at the node joining two converters to the load 


gives the following expression. 
eS ee (A-22) 


Simple Ohm’s Law expressions for each resistor yield Equations (A-23) to (A-25). 


———_— (A-23) 


= combs (A-24) 
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ee (ADS) 


lip 
Rip 
The following expression 1s obtained by substituting these three expressions into 


Equation (A-22) and solving for load voltage. 


R,R RR 
"0 =o PEE EE || REE | ale 
Ry + Ri Rip + KR, Rip R,R, + RK Rip + R,Ryp 


For simplicity, @, 1s defined as 
Ce ye oe (A-27) 
Notice that the subscript “2” indicates that this is the @ for a two-converter system and 
not for module number 2. 
Using this definition of @,, the expression for load voltage may be reduced to 


R,R R,R 
vo re( Boy ( SE) ~ 


2 2 








b) Three Converters 


Similar to the two-converter case, KVL at the node joining three 


converters 1S 


lip is bot a 4 z 5 L43 ? (A-29) 
and may be expanded to 
Ag oN SANSA cy ee SL CE Ve EO (A-30) 
Rip R, R, Ry, 


By solving for load voltage and isolating capacitor voltage state variables, 


the following expression is derived 


R,R.R 


3 3 3 


where 


Q,— Ky KOR RR ee eee (A-32) 
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pa Output Current 


a) Two Converters 
KCL at the node joining two converters gives the equation 
by =lip — 192; (Azoa) 


which may be expanded to 


De 2 <ipye? — (oe (A-34) 
Rip R, 


When voltage terms are collected, Equation (A-35) is derived. 


1 ] —] 
| ee | a a A-35 
ol ole 1] af 4) ( ) 
This equation may be rearranged to yield 
R,+R =| 
Ri Rip R, 


By substituting Equation (A-28) for load voltage into Equation (A-36), the 


current becomes 


ee RRip | R. + Rip + V5, RiRip | Rk, + rp + V6, = (A237) 
a Re, Rey a, boda, R, 


After collecting state variables, Equation (A-37) reduces to 








R,+R R,R, +R R,,- 
ee vol BAe Nove [ABA | (A-38) 
A, R,a, 
which may be further simplified to 
R,+R —R 
7 are a 2 (A-39) 
Qa, Qa, 


Equation (A-39) 1s the final expression for i,, in terms of state variables. 


The expression for i,,, derived in a similar manner, is 
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_ R 
i5= vol att | + va aaa | (A-40) 


b) Three Converters 
The expanded KCL expression at the node joining three converters 1s 


Vip) Biez mr ps Wesmmans 

i, =—— -— (A-41) 
i R R R 
LD ¢ 3 


which may be rearranged as the following when state variables are collected. 


| l | = = 
i, =V,p| ——+—+— |+v.,.| —1+¥-3) — A-42 


Equation (A-42) is converted to the following expression to establish a common 
denominator. 
oe rs ed Ves (2 + Vo, (=) (A-43) 
Just as in the two-converter case, the expression for the load voltage, v,p, 
from Equation (A-31) is substituted into Equation (A-43). The final expression is 
simplified when the state variable coefficients are rearranged such that @, is in the 
denominator. The intermediate expressions are quite lengthy but the final result is 


R,R, +R, pR, +R, pR Ji R 
nro BBR ok SAB EP +} +¥f - +} vf A :) (A-44) 


Q; 3 3 








Expressions for i,, and i,, are derived in a similar manner and are shown in Equations (A- 


45) and (A-46). 











i= Rip; £V,, RR; + Rip k, + Kip ks £ VG, Rip, (A-45) 
; LS Os oe 
ie val 8 \. val “28 }: vol 4 + Rip, + RR, | (A-46) 
a; as Gs 
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C. FREQUENCY ERROR CONVERSION 


The derivation in this section outlines how estimated frequency @,,, 1s expressed 


st 
in terms of state variables, both for the two- and three-converter cases. The two- 
converter expression is used 1n the Matlab state-space representation, and the three- 


converter expression is used in the ASCL model. 


1. Two Converters 


The term (@,, — pen) 18 frequency error, where @,,, is the estimated frequency 


content of the combined output voltage in a multi-converter system, and @,,,, is the 
perturbation frequency of the individual converter corresponding to its own output 
current i,. Recall that [24] recommends an rms frequency estimation method, which is 
also evaluated in this thesis. Recall also that the expression for estimated frequency using 
the rms method, as given in Equation (3-1), is as follows. 


200 Dein Poser 
C ® pert\ + C2D pert? ai C3 ® pert 


A? SS SS (A-47) 


2 2 3 
a er 


For the case of two converters, both weighted equally, that expression reduces to 


Z 2 
® pert\ =o vert? 


aT (A-48) 


| iD 

Placing this expression into the state-space representation will introduce 
nonlinearities. It was realized that when all perturbation frequencies are close, the 
average iS a very good estimate of the rms value. Even though rms frequency estimation 
was simpler to implement in hardware, estimation by averaging is simpler in state-space 
modeling and in digital simulation. For that reason, the following expression is 


considered. 


as (A-49) 


Therefore, with (@,, — @pen) reduced to (@,,9 — pen), the frequency error term may 
be expressed as a linear function of state variables. 


The perturbation frequency may be expressed as 


° O max a Oran 
pert = Onin a al : | (A-50) 


l 


oraied 
where @,,,, and @,,,, are the perturbation frequency range limits, and 7, ,...g 1S converter 


output current associated with its rated power. For simplicity of expression, a constant # 
is defined and expressed as follows. 
ji. (A-51) 
| orated 
Thus, Equation (A-50) may be written as 
® yen =Omin ti B - (A-52) 
Combining Equations (A-49) and (A-52), frequency error for converter one of the two- 


converter system may be expressed as 


Fi, _ tt ). (A-53) 


Finally, by substituting the expressions for i,, and i,, from Equations (A-39) and 


(ng = O pert! )= 


(A-40) into Equation (A-53), an expression for frequency error in terms of state variables 


is derived as 
(o,,. -@ aa (— R, —2Ryp) + Ve5(R, +2R,p)| (A-54) 
avg perti} 2a, Cl 2 LD 9 Te asa LDs}° 
Similarly, the frequency error expression for converter two of the two-converter system is 


(Ong ~ ® pert )= Fle (R, +2Rip )+ ve (- R, —2R rp )]. (A-55) 
2 
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pe Three Converters 


The three-converter derivation for frequency error in terms of state variables is 
quite lengthy but follows the same approach as the two-converter derivation. The starting 
point is the following expression for average perturbation frequency, similar to Equation 
(A-49). 


@ +@ +@ 


per pert2 
ave a 


) 


@ sa (A-56) 


From Equation (A-56) and the @,,,, expression in Equations (A-52), the following 


expression for frequency error is obtained. 
(Ong i ® nerti )= E[- 214) a5 lo os 1,3 (A-57) 


Substituting the three 7, expressions of Equations (A-44) to (A-46) into Equation 


(A-57), the final frequency error is derived. 
B 
(Ong ~ D pert )= Vo a a 2R,R, — RypR, - Rok) 
3 
+.) (RR, +2R,pR, —RipR; ) (ASS8h 
Qa, 
+ Vc; i (RR, +2Rip, — Rip R;) 
Qa, 


Similar frequency error expressions may be derived for converters 2 and 3. Those 


final expressions are given in Equations (A-59) and (A-60). 


B 
(0.4. ~ Open) = Vo 3 (RR; +2R,)R, —R,pR;) 
Qa, 
SL ye ag A-59 
+ Veo 307 RR; -—Ripk, w3 ( ) 
3 


B 
+V¢3 307. (R, Ry +2RpR, — Ry, ) 
3 
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B | 
(Wn ~ D pert) )= Vel 3 (R, k, ae 2R pk, = RoR) 
a, 
+ Vey = (RR, ee he hy ee) (A-60) 
3 


B 
TV¢3 30 (- LI ak ts ee RipR,) 
3 
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APPENDIX B: MATLAB CODE 


A. CODE WHICH GENERATED PLOT III-3 


¢ Jonathan Moore 

$ Filename: est.m 
% 

frequencies 

% 

determined 

$ values 


clear all 
Formac “long -¢ 


Ele= 2000: 50. -SO000: 

£2 = 2000: 50: S00; 

wl = 27% pa> £1; 

w2 = 2*pi*f2; 

Gils =e lee 

C2y= "1: 

6 Experimental Data 

S fl) = ZKhhz, f2 vs. Vou 

#2 = [2000 2500 3000 3500 4000 4500 5000]; 

W2 = 2" pai: 

Vi=> [5 324 46 70 95 219° 143)7225- 

WZ = | 43 60. ¥6 S97 120 141 6si7275- 

Wo-= Vee, 102 1S 134 .1535e 0] lees: 

Ve =o S146. 1590192 1e9e205 227517 225: 

ele— (Sqrit(cl*2Z. (2451 2000)27°2) + Ke2°2 ~ we. 7) 
E252) 3 

ecvemensore GG!” 2 {2*0i"s000). 72) £ 1622 sew. 72) 
C272) )7 

e5-—= (sore ( (el "2. «(2*pi*4000)."*2) + (62> 2a 2)) 
G22) 

eav—-s(sqretlcl “Ze (2% 61 *5000).°2) +1462 °2 "size 
e222) 1); 

esl = (el - min(el))/(.6*max(e4)); 

es2 = (e2 - min(el))/(.6*max(e4)); 

es3 = (e3 - min(el))/(.6*max(e4)); 

es4 = (e4 - min(el))/(.6*max(e4)); 

Gal Uae pt 2000 -taw2) 7/7 -2> 

ea2 = (2*pi*3000 + w2) / 2; 

ea3 = (2*pi*4000 + w2) / 2; 

ea4 = (2*pi*5000 + w2) / 2; 

easl = (eal - min(eal))/(.6*max(ea4)); 

eas2 = (ea2 - min(eal))/(.6*max(ea4)); 

eas3 = (ea3 - min(eal))/(.6*max(ea4)); 
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This routine caluculates the actual rms value of two input 


and generates plots to compare those values with experimentally- 


SQrve(e eZ 
SQEt (ela 
SGrincl 2 


SQOrE(cl 2 


eas4 = (ea4 - min(eal))/(.6*max(ead4)); 


Figure (1); 

plot(w2Z,esl,w2,es2,w2,es3,w2,es4,;w2Z,easl,'= '4W2,6a52, > )5,We,cass, = 
i we2,east. = "Uwe, Vi, CO gW2,N 2 Orne oy OC ee ee © ) page) 
LEGEND('Theoretical Data, f£ = 2000', 'Theoretical Data, f = 
3000', 'Theoretical Data, f = 4000', 'Theoretical Data, f = 
5000', 'Experimental Data, f = 2000', "Experimental Data, f = 
3000', 'Experimental Data, f = 4000', 'Experimental Data, f = 5000',0O) 
xlabel('Angular Frequency (rad/sec) Corresponding to f = 2KHz to 5KHz') 
ylabel('Frequency Estimator Output, Normalized') 


B. SINGLE-CONVERTER SYSTEM 


Jonathan Moore 
Filename: cml.m 


oP oO 


oo 


See section on Single-Converter Gain Derivation in Ch IV, Part B 


% This MATLAB code calculates either of the following for a single buck 
$ converter using current mode control and no load sharing mechanism. 

3 1 Characteristic polynomial given gains 

% 2. Gains given characteristic polynomial 


Range of possible load resistance: 
Mian — 3.33 onms (three converters, 100% load) 
MAX = 100.0 ohms (one converter, 10% load) 


oP co ol? 


Range of possible capacitance: 
= 400 uF (one converter) 
MAX = 1200 uF (three converters) 


J DO a0 
Ss 
HH 
Z 


clear all 
format long g 


% Power section: 
R = 33.3; 
C = 1200e-6; 


$ Specify the desired roots 
rdes = [-1000 -800] 
$ Find desired polynomial: 
pdes = poly(rdes) 


b = pdes(2) %8800; 
c = pdes(3) %6.4e6; 
hye et be (1/k) 


hie eC 

%$ Or specify gains: 
SAV = Ooo 

thn = 4800; 


Av=e led (Ree ohh / Con GC; 


Te 


|e 


= 1 Oa; 


oa gee eae: 


pnomial = poly(A); ; 


e1lg 


G 


ae 


oo 


ae 


AC oO ae a? ae ae 


ae 


ae oP ole 


cle 


Ss = e1g(A); 


TWO-CONVERTER SYSTEM 


Jonathan Moore 
Filename: emZ.m 


This MATLAB code generates a state-space representation for two 
current-mode converters using frequency-based load sharing. 


When gains are known, this model may be used to find eigenvalues 
(pole locations) and the steady-state values of the state 
variables. 


Control defined by the following equations: 
* ~dvel7 at —(azer l= soli 7 Cl 
* arefl = hvl (Vref - vCl + hfl(west - wl)) 


Assumptions: 
“1h, = arert 


* wrms = wavg 


ar eel 


format Shore: ¢ 


Scdiary pecml.our 

SP CONST ants: 

PB -=- 9000; $ rated power 
Vinl = 400; $ input voltage 
Vin2 = 400; 

Vrefl = 300; $ rated voltage 
Vref2 = 300; 

hv = 1.24; $ 1@0.62 2@1.24 361566 
hv2 = hv; 

hnl = 640; $ 1@320 20640 3@960 
hn2 = hnl; 

hf1l = 0; 

he? =. bel; 

Ll = 760e-6; 

L2 = 760e-6; 

Cl = 400e-6; 

C2 = 400e-6; 

Ri -=.0,001 

R2 = OOO: 

RLD = 10; 

wmax = 2*pi*5000; 

wmin = 2*oi+2000; 

jomax = P/Vrefl; 

alpha = (R1*R2 + R1*RLD + R2*RLD); 
beta = (wmax - wmin)/iomax; 
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% system qaPo meme ake'< rae Kak kkk kk kek Kk Kk KKK 
5° oO EOwW ies 

alig=—(=hvi/Cl) “+ (=hntil*hv1l*beta*(=R2=(2* RLD)) 7 (22°C) eiona ee 
(R2+RLD) /(Cl*alpha) ; : 

al2 = hnl/Cl; 


a13 = (-hfl*hnil*beta* (R1+2*RLD) / (2*C1*alpha) ) + RED, (Cl *alpna)- 
al4 = 0; 

ta LOW 2: 

agile = =) + (hf *beta* (R2+(2* RED) )/ (Z*alone 

a22 = 0; 

a23 = -hfl*beta* (R1+(2*RLD) )/(2*alpha); 

a24 = 0; 

$ row 3: 

a31 = (-hf2*hn1*beta* (R2+2*RLD) /(2*C2*alpha) )' + RLD/(C2*alpha) ; 
a32 = 0; 


a33-= -hyvz/G2) * (-hiZz*hvZ*beta~(-Ril=(2*RLD) oy (2*C2- alone j= 
(Rae RID C2 <aeloha) > 
a34 = hn2/C2; 


% row 4: 

a4) = Vehf2ebeta* (RZ24(2*RLD) 7 (2 aloha); 

a42 = 0; 

ed3e—e—) + (heZ “betas (Rett 2 Rib (ea bene a, 


a44 = 0; 


Sx = [9 vCIes weveZue xe Jet 
A= [| all alewalseal 4; 

a21 a22 a23 a24; 

a3l a32 a33 a34; 

a41 a42 a43 a44 ]; 


SU MoUGECOSCYT PC l ent emae id hae = oe A ee ee ee 
se cOlumma i: 
Joly ie a aint val le a Oe Be 


b2i = 1; 

poi =) 6,; 

jo 1a) 5 

%) secoilumn 2 
bl2== 0; 

b22 = 0; 

Boz = hwy e2- 
b42 = 1; 


u = { Vrefl; Vref2 Jj; 
Be [| bie bil2: 

p22 p22. 

joel Jee Ze 

b4i b424); 


EigsOfA = eig(A) 
xX = -A\B*u; 


diary off 
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APPENDIX C: THREE-CONVERTER ACSL MODEL 


A. .CSL FILE 


Jonathan Moore 
Filename: cms.csl 


Three Parallel Converters 
* CUerentr mode switching control 
« CoOmpeinvwous Or cdisecntinucus Conduction mode 
* Purely resistive load 
* Each converter may have different connection resistance 
* Each converter may have different reference voltage 
* Converter #2 may be powered up or powered down 
Controme, alogori:um- 
* iLavg ~= iref 
x -Avefat ==" (rek “=. 10) 7 C 
x imer = hex hv vVrer —2vC = "ht (was = Ww 4+ teere 
* ipert = Apert * cos(2*pi*wmin*t + phase) 
* 


ax/dt Vref - vC - hf*(wrms - w) 


ee ee ee ee eee eee | 


PROGRAM 


INITIAL 


! Simulation Parameters 


MAXTERVAL maxt = Se-/7 ! max step for var step integration 

algorithm 
! 100 time steps per switching period 

CINTERVAL cint = le-5 ! data communication interval 

ALGORITHM ialg = 5 be a= RR 20 G Dae ek ee 

NSTEPS nstp = 1 

CONSTANT tstop = 0.05 l Step pein’ for integration 
! Power Section Parameters 

CONSTANT P = 9000. ! Converter Power 9 KW 

CONSTANT fsl = 20000. Switching Frequency 20gkKiz 

CONSTANT fs2 = 20000. 

CONSTANT fs3 = 20000. 

sl) = Ay sal | Switching Period 

Ts2 = 1/fs2 

Tsse=e1l ess 


CONSTANT Ll = 760e-6 
CONSTANT L2 = 760e-6 
CONSTANT L3 = 760e-6 
CONSTANT Cl = 400e-6 
CONSTANT C2 = 400e-6 
CONSTANT C3 = 400e-6 
CONSTANT Wek l= <0. 02 
CONSTANT “SR23—= 50 02 
CONSTANT R3 = 0.02 


1S 


CONSTANT 
CONSTANT 
CONSTANT 
LOGICAL 
LOGICAL 
LOGICAL 
SWlon 
SW2on 
SW3o0n 


RLD 
Vdi1 
Vsw 
SWlon 
SW2on 
SW3on 
true. 
-true: 
~ceue; 


Controller Parameters 


! Diode Voltage Drop 
| Switch Voltage Drop 


CONSTANT Vrefl = 300. ! Rated Converter Output Voltage 
CONSTANT Vref2 = 300. 
CONSTANT Vref3 = 300. 
CONSTANT Vinl = 400. 
CONSTANT Vin2 = 400. 
CONSTANT Vin3 = 400. 
CONSTANT hvl = 1.96 ! 1@0.52 2@1.24 3@1.96 
CONSTANT hv2 = 1.96 
CONSTANT hv3 = 1.96 
CONSTANT hnl = 960. Lakes 20 2@640 3@960 
CONSTANT hn2 = 960. 
CONSTANT hn3 = 960. 
CONSTANT hfl = 0.01 
CONSTANT hf2 = 0.01 
CONSTANT hf3 = 0.01 
CONSTANT tau = 0.0001 
CONSTANT wrmsic = 31396.0 
CONSTANT pi = 3.14159 
CONSTANT ~Apertl =— 0.1 
CONSTANT Apert2 = 0.1 
CONSTANT Apert3 = 0.1 
CONSTANT phasel = 0.0 
CONSTANT phase2 = 0.0 
CONSTANT phase3 = 0.0 
wmin = 2*pi*2000. 

wmax = 2*pi*5000. 

iomax = P/Vrefl 

State Variable Initial Conditions 
GONSTANT ablic = 27.5 
CONSTANT 22b21e =.2/725 
CONSTANT eit L3ic = 927.5 
CONSTANT vClic = 300. 
CONS@ANT vGZie = 300. 
CONSTANT vC3ic = 300. 
CONSTANT xlic = 0.049 
CONSTANT “x2Zic = 0.049 
CONSTANT x3ic = 0.049 
Continuous Conduction Mode 
LOGICAL ccml 

LOGICAL ccm2 

LOGICAL ccm3 

ccml = .true. 

Scltz =) .t rue. 

Cems s=t2brue. 
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END initial 

DYNAMIC 
TERME {co UGE. (esteoo-Us5 cine), 
DERIVATIVE 

(Wink = Vinita. pelo. Orsin (seu. eet) 


Conerel Alagerieim 
oxi] Vretl = vel + hti*(wems — wi) 
px2 = Vref2 - vC2 + hf2*(wrms - w2) 
Px =O ieers =— VCS Aint 3t (wrems = w3) 
baal INTPEGioxl, xlac) 
x2 = INTEG(px2, x2ic) 
x3 = INTEG(px%s, x32) 
ilpert = Apertil * cos(2*pi*wmin*t + phasel) 
i2pert = Apert2 * cos(2*pi*wmin*t + phase2) 
i3pert = Apert3 * cos(2*pi*wmin*t + phase3) 
Dine er iv pe) be ert 
( 
( 


ilref = 

i2ref = hn2*x2 + hv2*(px2) + i2pert 

aSret — hnS* xs + °vs~(ox3 et ve peret 
! Reference Current Ramp with Slope Compensation ~-- switch drop 
ignored 

ilramp = (voli y=medie, 1s) 

i2ranp = (v@2, b2) "mods, 1s2Z) 

iP3raMp. =-(ves/ Ls) *mod(t »Ts 3} 

ijlcomp = iLl + ilramp 

izecome = 2162 °+ 12ramo 

i3comp = iL3 + i3ramp 


Frequency Injection 
beta = (wmax - wmin) /iomax 
wl = wmin + iol*beta 
w2 = wmin + io02*beta 
= wmin + io3*beta 
Wi. = SORT (wil**2.t=w2**2 + wS**2)/SORT(S.) 
wrms = REALPL(tau,wi,wrmsic) 


! Determine if Switch 1 is ON or OFF 
PROCEDURAL (SWlon,iswl = ilcomp,ilref,iLl) 
Pe e(ileet .GT. aiconp) THEN 


SWlion = .true. 

1swih S].ai 
ELSE 

SWlion = .false. 

iswl = 0.0 
ENDIF 


END !procedural 


Determine if Switch 2 is ON or OFF 
PROCEDURAL (SW20n,isw2 = i2comp,i2ref,iL2) 
Trai ref ..Gl- Ma Z2cone THEN 
SWZ0n = .enue-. 
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VsSWw7 = 112 


ELSE 
SW2on = .false. 
isw2 = 0.0 
ENDIF 


END ! procedural 


Determine if Switch 3 is ON or OFF 
PROCEDURAL (SW20n,, 1SwW3. = 136omp,1 3°68 -1 ks) 
IF (i3ref .GT. i3comp) THEN 


SW30n = .true. 

isw3 = iL3 
Bor; 

SW30n = .false. 

isw3 = 0.0 
ENDIF 


END !procedural 


Derivative of Ime@uctor 1. Gurren=.) (v= hci ar 
PROCEDURAL (pibls=/soWlon,ccml,; Vinl7 vec); Vai, Vsw,b1} 
IF (SWlon) THEN 
ceml = Gerue. 
piLl = (Vinl-Vsw-vCl)/L1 
ELSE 
TP ecenl) aeLaEN 
piLl = (-Vdi-vCl1)/L1 
ELSE 
pill = 3020 i"discontinuowmse, conduction mee” 
ENDIF 
ENDIF 


END !procedural 


Derivatives on [ndueror 2 Current: we he di/dt 


PROGhDUBAGHOlLZ = sSW2on,cecm2, VinZ,VCZ, va, Vswric) 
IF (SW2on) THEN 


cem2 = .true. 
pib2 = (Vin2-Vsw-vC2)/L2 
Bio k 
ib teem) THEN 
piL2 = (-Vdi-vC2) /L2 
ELSE 
piL2 
ENDIF 
ENDIF 
END !procedural 


il 


@ 20 ! discontinuous conduction mode 


Deervatruve Of Inauctor 3 Current: v= Lb di/dt 
PROCEDURAL (piL3 = 


Sy30n,cems. Vins, veo, Val, Vew, L3) 
IF (SW30n) THEN 
Gems = true. 


Pils = in3s-Vsw-vC3) /L3 
BiSeE 


tee (ccms) THEN 
piL3 = (~-Vdi-vC3) /L3 
ELSE 
piL3 = 0.0 ! 


discontinuous conduction mode 
ENDIF 
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1) A BE 3 
END !procedural 


! Derivative of Capacitor Voltage: i= C dv/dt 
pvCl = (iLl - iol)/C1 
ByCe =. (bbe = oz )y Gz 
Eves = (ls = £o5)/cS 


! State Variables 
Peis. =-INTES (pill, iblic) 
LiZzube= INTEC (pi u2,) 1lZ71e) 
Lieab = INTEC (ori psec) 
iL1 = BOUND(O. 10667 s blu) 
iL2 = BOUND(0 1.0eo,) 1b 2u05) 
nly i BOUND (0 1.0e6, iL3ub) 
vCl = ures el, voirc) 
( 
( 


i 


wE2Zt= INTEC (OVez ..veZzic) 
vwO3 = INTEG(pvC3,. vCS1¢c) 


Discontinuous Conduction Mode when iL tries to go neg 
SCHEDULE acm ani ail 
SCHEDULE SacemZ ~ Allo b2 
SCHEDULE “dem3 .4N. 113 


Power Section Dynamics 
aloha = RiAkZ RS - RI*RZ*RLDo- R27RS RUD et al Ro Rip 
VLD = vC1l~ (R2*R3*RLD/alona) + vC2*{R1l*R3"*RLD/ alpha) 6 
Veo (Ri he Ral ope) 


LO =“vLD* (1.7 RUD “+127 RR? 4 1S Rr VC Ze — VCore 
162) = DY tI. RED + 15/7Ri + 1 Yea )n— wel e! ==es7 es 
nos =) Vib (1 oARLD tole Ri. + 17 Rey = iyCl/ eR =e? (Re 


TLD = Vole ao7 4+ea03 


! Converter Output Power 
Sli=— vel *.101 
Soe = Vee OZ 
So = ves ~ 363 
SLD = vLD * iLD 


END !derivative 


DISCRETE deml ! discontinuous conduction mode 
ccml = .false. 
nip G bles Me — ae Gis 0 

END !discrete 


DISCRETE dem2 ! discontinuous conduction mode 
ccom2 = .false. 
LeupZ = 1070 

END !discrete 


DISCRETE dems. |} -Giscontinucus conducterenemode 
ccm3 = .false. 
TEU Sa= 202.0 


END !discrete 


END !dynamic 
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END !program 


B. -CMD FILE 


| Jonathan Moore 
! Filename: cm3.cmd 


! Command file for ACSL simulation of three parallel current-mode buck 
! converters using frequency-based load sharing. 


SsStnplt = ee ! one variable per x-axis 
SGadl pile yen 
s plt =l 
Ss devple— I os 
| siv=> Graphic desplay 
S prop beat. ! true rotates plot 90 deg 
Ss Xinspl = 6 I! -x=axis plot unites 
s weditg = .f. ! false suppresses data write each time SCHEDULE 
occurs 
Sonrwitg — Sai. ! true enables accumulation of data after a CONTIN 
Svaleplty =a... ! false for b&w plots 
prepare 


t,1b1,1L2; 1b33velo vez, ves; 21, x2, X37 10 267716 ea eww Wee 
prepare Vinl, VinZ, Vin3y;icwl, isw2Z,isw3,ilmet, i2ret,arets,1iconp, iZcone 
prepare Slys7702, SLD, ilpert ,;iZ2pert, 13peur, Vretl,VrerZjvcers 


| Se ee ee ee ee ee NOTE Kak Keke Ke KKK KKK KK KKK KKK KKK KKK KKK 


! each of these procedures performs best when it is the first 
! after starting acsl 


|e he ete te te ate ote te ee ee ote te ate te ote ete te ee eke ee ote ke ie ote ke ate ke keke ee ote te te te te ote te ote te te eke ake ke eee te ote ote ote te ee ee oe kk oe ke ee 
! First study: steady state conditions, unequal connection resistances 
proced one 

s tstop = 0.01 


s Rl = 0.02 
SeRZ.=-0n04 
s R3 = 0.05 
Stake 

Ss plts=— 1 


s devplt = 5 

plGreyte—0 9 ni—40 11,112,113; l1d /hi=400 

s tstop ol 

Ss hiie= 

s hf2 = 

s hf3 = 

Stare 

s plt = 2 

plot /le—0) 7ha—40 Tie ha —60 112, 413,vid /hi=—400 
end 


Oooo] | 
QOQo00°0 


Lek kkk kkk kek kk kkk kkk kek kek kk kkk kkk kkk Keke Kk KKK KKK Kk kkk KKK KKK kkk kkk Kk kkk kk kk Kk kkk 


! Second study: steady state conditions, unequal reference voltages 
proced two 
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Sitsteoo.— 10.02 
s Vrefl = 280. 


s Vref2 = 300. 
s Vret3 = 320. 
start 

Ss: pie =s 


s devplt = 5 
eB o coame tha Il ea eae he Pet alle 


s hfl = 0 

s hf2 = 0 

s hf3 = 0 

start 

s plt = 4 

WiC e Wty ie viedo 
end 


bok oe ae eke ee ee ok ke ke ke ke ok ke ke kk ok ok ok kk kk kk kk kk kk kk kk kK kK KKK KKK KKK KK KKK KKK KK KKK KERK 


! Third study: ~step change in load from 100% "to 207 erated Toaceu ttn 
three 
! converters online. 
proced down 
Smestop — 0. 00s 


Ss RLD = 3.33 ! 100% load for 3 converters 
start 
s devplt = 5 
S nrwitg = .true. 
S tstop = 0502 
s RLD = 16.67 ! 20% load for 3 converters 
COnme1n 
Ss nrwitg = .false. 
s plt = 10 
plee 7to=0 77 hi=60e11) i213, ele PRK 120 
{ pause 
Ssu.plt = 11 
piece Vel, VeZ,VC3, VL 
end 


Toe He ee ee ee tee ke eke te ake ek eek ke ke kk ok ok ke kk ok kek ok kok ok kk kkk kk kk kk kK KKK KK KKK KK KK KKK KKK 


jeestep=trom 100% te 20% load 
proced up 


s tstop = 0.005 

S RED =. 16267 ! 20% load for 3 converters 
Seliiie = S26 

Swarizie = 338 

S 1213i¢ = 3.8 

s vClic = 300. 

Seveaic = so G0: 

Suvesre. = 500. 

s xlic = 020239 

S xX 21c = 020239 

S )x3ies= O020z59 

S wrmsic = 16349 

Stare 

S nrwitg = .true 

s tstop = 0.01 

SURES = 3.205 ! 100% load for 3 converters 
GGne in 
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s nrwitg .false. 


end 


Lawak Kea KK KKK KK KKK KK KKK KKK KKK KK KK Kh Kh Kh Khe Kh kkk Kk KK KKK KK KK KKK KKK KKK KK KKK Kh KKK KKK kK 


proced on 


s RLD = 10. 
5 Vint = 0. 
s iLlic = 0. 
SiilZ1e.= 13.49 
Ss iL3ic = 13.49 
S.VElLeG = 275.4 
S VeZre. = °2 7 on4 
S VCSner= 275.44 
Si xiie = 19.06 
See2ic = 0-02e 
Synsrce = 02028 
S wrmsic = 18782.5 
Si Testop = 0-005 
Stan 
s Vinl = 400. 
Seestop = 0.07 
S nrwitg = .true. 
Contin 
S nrwitg = .false. 
ese ote lz 
! s devplt = 5 
plore fi. 2, ides al 
pause 
sop lt =ei3 
Diets Vel weZ, vies,.v ld 
end 


law eKe KKK Ke Ka KK KKK KK KKK KKK KKK KKK KKK KKK KK KKK KKK KKK KKK KKK KKK KKK KK KKK KK KKK KKK 


! Fourth study: three converters online, one is powered down abruptly 


DIrOcea ore 
s RLD = 10. 
Sabie = )19...5 
s iL2ic = 19.5 
Sebo te.=— 1.9.9 
S  vElic = 300: 
So veZzic = 3600. 
S¥ve3sic = 300. 
Susie = 0.03 
S x2ie = 0.03 
Seeodes— 0.03 
Siwemsic = 25116.8 
s tstop = 0.005 
Siac 
S Vinl = 0. 
Sj Estop = 0.02 
S nrwitg = .true. 
Come in 
Ss nrwitg = .false. 
Sept, = 12 
s devplt = 5 


PIOE gill, 212,113, ae 


! pause 
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S pli: Sais 
OlLOl. VEL Vezevese a 
end 
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APPENDIX D: DATA SHEETS 


‘ AD336A TRUE RMS-TO-DC CONVERTER 


ANALOG 
DEVICES 





Integrated Circuit, 
True RMS-to-DC Converter 


AD336A 


FEATURES 
True RMS-to-DC Convarsion 
Laser-Trimmed to High Accursey 
0.2% max Error (ADS36AK) 
0.5% mex Error (ADS36AJ} 
Wide Response Capability: 
Computes RMS of AC and DC Signais 
450 kHz Bandwidth: V rms > 100 mV 
2 MHz Bandwidth: V rms >1V 
Signai Crest Factor of 7 for 1% Error 
dB Output with 60 dB Range 
Low Power: 1.2 mA Quiescent Current 
Single or Dual Supply Operation 
Monolithie Integrated Circuit 
-55°C to +125°C Operation (AD536AS)} 


PRODUCT DESCRIPTION 

The AD536<A is a complete monolithic integrated circuit whieh 
performs truc rms-to-de conversion. It offers performance which 
is Comparable or superior to thet of hyvbnd or modular units 
costing much more. The AD536A directly compures the truc 
rms value of any complex input waveform containing ac and d= 
components. It has a crest factor compensation scheme which 
allows measurements with 1% crror at crest factors up to 7. The 
wide handwidth of the device extends the measurement capabi- 
hry to 300 kHz with 3 dB error for signal levels above 100 mV. 


An unportant feature of the AD536A not previously available in 
rms converters is an auxibary dB output. The logarithm of the 
rms Output signal is brought out to a separate pin to allow the 
dB conversion, with 2 uscful dynamic range of 60 dB. Using an 
externally supplied reference current, the 0 dB level can bc con- 
veruiently set by the user to correspond to any input level] from 
0.1 to 2 volts rms. 


The AD536< is laser trnmmed at the wafer level tor input and 
output offset, positive and negative waveform symmetry (de re- 
versal error), and full-scale securacy at 7 V rms. As a result, no 
extemal trims are required to achieve the rated accuracy of the 
unit. 


There is [ull protection for both inputs and ourputs. The input 
circuitry can take overload voltages well beyond the supply lev- 
els. Loss of supply voltage with inputs connected will not cuuse 
unit failure. The output is short-circuit protected. 


The AD536A is available in two accuracy grades (J, K) for com- 
mercia] temperature range (0°C to +70°C) spplications, and 
onc grade (5) rated for the -55°C to +125°C extended range. 
The AD536AK offers a maximum total error of 2 mV £0.2% 
Of reading, and the ADS36AJ and AD336AS have magmum er- 
rors of t5 mV 40.5% of reading. All three versions are available 


REV.A 


Informetion furnishad by Anelog Devices is believed to be accurata and 
Taliable. However, no rasponsibilily is assurned by Analog Devices for ms 
use, nor for any infringements of patents or other righis of third parties 
which may result from its use. No license is gramed by implicalion or 
otherwise under any paten! or patent rights of Analog Devices. 
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PIN CONFIGURATIONS AND 
FUNCTIONAL BLOCK DIAGRAMS 


TO-100 (H-10A) 


TO0-116 (D-14) and 
Q-14 Package 





in cither a hermenially sealed 14-pin DIP or 10-pin TO-100 
metal can. The AD536AS is alyo available in a 2()-pin hermeti- 
cally sealed eeramuc Ieadless chip carner 


PRODUCT HIGHLIGHTS 

1. The AD536A computes the true roct-mean-square level of a 
complex ae (or ac plus de) input signal and gives an equiva- 
lent de output level The true rms vaiue of a waveform is a 
more uscful quantity than the average rectified value since it 
relates directly to the power of the signal. The rms value of a 
staustical signal also relates to its standard deviation. 


2. The crest factor of a waveform is the ratio of the peak signal 
swing to the rms value. The crest factor compensation 
scheme of the AD536A allows measurement of highly com- 
plex signals with wide dynamuc range. 


3. The only external component required to pertorn: measure- 
ments to the fully specified accuracy is the capacitor which 
sets the averaging period. The value of this capacitor deter- 
mines the low frequency ac accuracy, mippic level and settling 
nme. 


4. The AD5S36A will operate equally well from split supplies or 
a single supply with total supply levels froin 5 to 36 vals. 
The one muilliampere quiescent supply current makes the de- 
vice well-suited for a wide vanety of remote controllers and 
battery powered instruments. 


5. The AD536A directly replaces the AD536 and provides im- 
proved bandwidth and temperature drift specifications. 


One Technology Way, P.O. Box 9106, Norwood, NA 02062-9106, U.S.A. 
Tel. 617/329-4700 Faxc 617/326-8703 


AD536A—SPECI FI CATI ONSe +25°C, and +15 V de unless otherwise noted) 


Model 


‘TRANSPER FUNCTION 
CONVERSION ACCURACY 
Toral Brror, Inveemal Inm’ 2 Pigere 1) 
we Temperature Trey to +70°C 
+TOPC to v3 25°C 
va. Supply Volta ge 
tc Reverse} Error 
Tonal Errors, External Tam’ (Figure 2) 
ERROK VS, CREST FACTOR® 
Creat Factor lL ta 2 
Csest Factor = 3 
Crs Facuw eT 


PREQUENCY RESPONSE 
Bandwidth for 1% Addons. Eeror (9.00 dB} 


ADS3IGAS 
Typ 


<= 


TADSSGAK 
Typ 


ADS3IGAJ 


Ain Typ Max Min Mra Min Uruts 


at 


ot ed yrs : Aa 














sense ? r 
Vays Vor = y ate. Gy 
bat Tod et) 


to.1 +0.005 
20.3 t0.005 


Var? yeux. 
42202 
20 05 20.0c5 


mV 2 % of Reading 
anv t % of Reading *C 
mV ft % of Reading*C 
mV + 4s of Reading V 
t Sv of Readmg 

avy 2 Ww of Readirg 


rs 20.3 
£0.) 20.01 : 


f¢.) £0.01 
fe.l 
220.1 


2022001 
29.2 
=S5205 


£¢.2 20.ct 
tt Fe 


23203 


Specifeed Accuracy 
+O. 
-t.0 


Sseccfied Accuncy 
0.1 
~t.0 


Specified Accuracy 
‘0.1 


=3.0 


% of Reading 
™ of Reading 


Vn = 10 mV kfiz 

Nog = LUO nV kfiz 

Voet 3 ¥ ki ]z 
+3 4B RBemecwidth 

Vin =z IO mV xblz 

Vie = 190 mV kH> 

Wig =) ¥ Mins 


AVERAGING TIME CONSTANT (Figure 5) 


INPUT CHARACTERISTICS 

Signal Range. £16 V Supplies 
Coatnccns rms Level 
Peak Tremont i-pot 
Comunnous rms Level, £5 ¥ Supp ies 
Peak Transent Input, 25 V Suppiies 

Maexismun Conn Nondes roctive 
Ingest Level (AU Supply Vorages) 

Input Reasuince 

Toput Offser Vokase 


OUTPUT CHARACTERISTICS 
Offect Voltage, Ve 2 COM (Figure 1) 
va. Terrpersturt 
vy Supply Vorage 
Vahage Swmg 215 V Suppitce 
£5 V Supply 
eR OCTIUT (Figare 13) 
E-ror. Voeg 7 mY to 7 ¥ rms.0 dR = 1 ¥ rms 
Scale Factor 
Seale Factor TC [Caowompensated, sce Fre- 
ure 3 for Temocrature Comper mation 


Iwes for 0 dB =i Vew-, 
Tex Range 


ler TERMINAL 





mv iF CAV 


1@ a> le 


ta 


ri 
to. 
bates 
v12.5 


20.5 
20.1 
th 
+1>5 


20.2 
Vro+tl +125 


Swe +t 


Oro +l 
0 to +2 


Ot0 #f) 
re 42 


45 
mY¥-dH 


abc 
% of Reading: *C 
(GaN 


lore Seale Factor 45 LAY eon 
lovy Scale Factor loleranac matty 
Ourpin Reartance 25 
Voltage Compliance “Va te (45 
255 
BUFFER AMPLIFIEX 
brput and Outpur Voliage Range Vy to (4Vy -V, 10 (4, 
+25 V) 2.5 V) 
lepur Offact Votuge, R. = 25 k 0:5 
lnput Ries Current 20 
Inpur Rewsrance 10° 
Outpus Currea: 


Shon Creu Current 
Outpun Reasiance 
Small Signal Bandwidth 
Stew Rate* 


POWER SUPPLY 
Vokage Rascd Performance 
Dual Supply 
Smgk Supply 
Quictceut Current 
Tera! Ve SVs v, Then to Trax 


TEMPERATURE RANGE 
Rated Petioemaace 
Storage 


NUMBER OF TRANSISTORS 


PACKAGE OPTIONS 
Cerne DIP (2-14) 
Metal Can TO+190 (H-!0A) 
LEC (E-20A) 


NOTES 





“$5 
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ADS36ASH 
ADS%9ASH 
ADS36ASE 


ADS36AKD 
ADS36AKH 


ADS AID 
ADSS3¢6AJH 





‘Accuracy m specified for 0 V to 7 ¥ rms, dc or] kHz dine wave put whh the ADSI6A connceted as in the figure referenced 
TEaros vs. crest factor 2 specified a2 an additional error for ] V nme rectangular pulse inpax, pulee width = 200 ps. 
“Input vokages are expremed mm vohs rms, and crror 2 percent of readmg. 


Wh 2k crtcmal puill-dews reemor. 
Specifications subject to change wrthoum a0tice 


Specificauons shown mn boldface are tested on all production unite at fra} ekcteical teat Resuke from those fevts are used to calculete outgoing quainy level. Al] min and max specifications are paaranteed. 
although onty those shown m boldface are tested on afl production mnizs. 
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Applying the AD536A 


ABSOLUTE MAXIMUM RATINGS’ 
Supply Voltage 


DRG Sup eIv ch) Dts eo oe eile Vv 
SINGIC SUPPLY bees bs estos ; . £36V 
Internal Power Dismpation? ....... 0 .0.......... 500 mW 
Maximunt (ppt, VGilage. 4.00... ~ oes ean oss +25 V Peak 
utter Maximum INDUt VOlUASC 2) 46 -< widen eee Se Beene: tV< 
Maximum Input Voltage .............00..0-- +25 V Peak 


Storage Temperature Range ....... . ~55°C. to +3 50°C 

Operating Tempcrature Range 
AIDS SGN 226 22 5 fea oe 
AD536AS . 


Lead Temperature Range 


Pee ne O°C ta +70°C 
a3°Gio nize CG 


‘Soldenng €0 sec} . 300°C 
ESD Rating . ....... 100 V 
NOTES 


‘Stresses 2nove those ‘listed under “Ansolutze Maximum Ratines’ may couse 
Permanent camage io the device. This is a stress racng cnly and fumcuonal 
operation of the device al these ar any other conditions above chase :ndicuted in tne 
Operational section of this speciGicaiinn :« not implied. Exposere io absolute 
frax.mum rating coodidons for extended persods cusy «ffect device reliabiin. 
210-Pin Header 6, = 150°C/W 

20-Pin LCC: 0, = 95°C'W 

14-Pim Size Brazed Ceraruc DIP: 0, = 95°CW 


CHIP DIMENSIONS AND PAD LAYOUT 


Dimensions shows jn inches and (mm). 


few 8 s 
4 a wm OUT 


-Vs 
OAD A TS CONC OPOMD IO Mee UMS FOR Tl TO 16 16-8 Cl Rae Ol PACRALCT 


OTE 

“OOTM F488 Epwhs OFT’ Uf COPMENECTED TO v., 

Ta £0004 © PACES WM LASER TED Come Peed 
MMSTRATE CCHRUECTOO TD -¥. 


ORDERING GUIDE 
































AD536AJD 39°C to +70°C Side Brazed Ceramic DIP 








ADS36AKD 0°C to +70°C Side Brazed Ceramic DIP} D-14 
AD536AJH 0°C tw +70°C Header H-!ICA 
ADS36AKH O°C to +70°C Header H-10A 
AD536AJQ O°C to +70°C Cerdip Q-14 
AD536AKQ C°C to #73°C Certip Q-14 
ADS36ASD ~5§°C wm +125°C | Side Beazed Ceramec DIP| D-14 
AD536ASD/883B} -55°C wm #125°C | Side Beazed Ceramic DIP} D-14 
AD335ASE -55°C to +125°C E-20A 
AD526ASE/883B | -55°C to #125°C E-20A 
AD536ASH ~55°C to +125°C H-10A 





ADS36ASH/8483B | -55°C wo $125°C 





NOTE 
#@§* grade chins are avaudle tested at 25°C ad +125°C. “J” grace chips are abo svailahle. 
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STANDARD CONNECTION 

The AD536A is simple to connect for the majonty of high accu- 
racy rms Measurements, requiring only an external capacitor to 
ser the averaging ume constant. The standard connection is 
shown in Figure J. In this configuranon, the AD536A will mea- 
sure the rms of the ac and dc level present at the input, but will 
show an error for low frequency inputs as a funcnoon of the filter 
capacitor, Cay, as shown in Figure 5. Thus, if a + uf? capacitor 
is used, the additional average error at 10 Hz wiil oe 0.1%, at 

3 Hz it will be 1%. The accuracy at higher frequencies will be 
according to specification. If ir is desired to reject the de input, a 
capacitor is added in series with the input, as shown in Figure 3, 
the capacitor must be nonpolar. If the AD536A is driven with 
power supplies with a considerable amount of high frequency 
npple, 1t is advisaole to bypass both supplics to ground with 

0.1 pk ceramic discs as near the device as possible 





Figure 1. Standard RMS Connection 


ADS36A 


‘The input and cutput signa] ranges are a tunction of the supply 
volrages: these ranges are shown in Figure 14. ‘The AD536A can 
alsc be used in an unbuffered voltage output mode hy diseon- 
necting the input to the buffer. The output then appears unbui- 
fered across the 25k resistor. The buffer amplificr can then be 
uscd for other purposes. Further the AD536A can be used ina 
cufrent output mode by disconnecting the 25k resistor from 
ground. The output current is available at Pin 8 (Pin 10 on the 
“H* package) with a nominal scale of 40 BA per volt rms input 
positive out. 


OPTIONAL EXTERNAL TREMS FOR HIGH ACCURACY 
If it is desired to improve the accuracy of the AD536A, the ex- 
ternal trims shown in Figure 2 can be added. R+4 is used to tim 
the offset. Notc that the offset tim arcuit adds 365 Q in senes 
with the internal 25 kQ resistor. This will causc a 1.5% increase 
in scale factor, which is trimmed out by using R1 as shown. 
Range of scale factor adjustment is + 1.5%. 


The tnmming procedurc is as follows: 

!. Ground the input signal, Vay, and adjust R4 to give zere 
volts output from Pin 6. Alternanvely, R4 can be adjusted to 
give the correct Output with the lowest expected value of Vix. 


tw 


. Connect the desired full scale input level to Vpy, either de or 
a calibrated ac signal (] kHzis the optumum frequency); 
then trim R1, to give the correct output from Pin 6, i.c., 
1000 V dc input should give 1.000 V de ourput. Of course, a 
+1.000 V peak-to-peak sine wave should give a 0.707 V dc 
output. The remaining errors, as given in the specifications 
are due fo the nonlinearity. 

The major advantage ot external trimming is to optimize device 

performance for 4 reduced signal range; the AD536A 15 inter- 

nally uimined for a 7 V mms full-scale range 





Figure 2. Optional External Gain and Output Offset Trims 


SINGLE SUPPLY CONNECTION 

The applications in Figures | and 2 require the use of approxi- 
mately symmetrical dual supplies. The AD536A can also be 
used with only a single positive supply down to +5 volts, as 
shown in Figure 3. The major limirauon of this connection is 
that only ac signals can be measured since the differential input 
stagc Must be biased off ground for proper operation. This bias- 
ing is done at Pin 10; thus it is crincal that no extrancous signals 
be coupled into this point. Biasing can be accomplished by us- 


= 


ing a resisuve divider berween +Vs and ground. The valucs of 
the resistors can be inercased in the interest of lowered power 
consumpnton, sinee only 5 mA of current flows into Pin 10 

(Pin 2 on the “H” package). AC input coupling requires only 
capacitor C2 as shown, 4 dc retum is not necessary as it js 
provided internally. C2 is selected for the proper low frequency 
break point with the input resistance of 16.7 kQ; for a cutoff ar 
10 Hz, C2 should be 1 pF. The signal ranges in this connection 
are slightly more restricted than in the dual supply connection. 
The input and output signal ranges are shown in Figure 14. The 
load resistor, Ry, is necessary to provide output sink current. 





Figure 3. Single Supply Connection 


CHOOSING THE AVERAGING TIME CONSTANT 

The AD536A will compute the mms of both ac and dc signals. If 
the input is a slowly-varying dc signal, the ourput of the 
AD536A will track the input exacdy. At higher frequencies, the 
average output of the AID536A will approach the rms value of 
the input signal. The actual ourput of the AD336A will differ 
from the ideal output by a de (or average) error and some 
amount of npple, as demonstrated in Figure 4. 


Eo 
IDEAL 
Eo 







DC ERROR = Eq - E, (IDEAL) 







a 2 AVERAGE Eg Eg 
DOUBLE -F REQUENCY 
RIPPLE 


i 






TIME 


Figure 4. Typical Output Waveform for Sinusoidal Input 


‘The dc error is dcpendent on the input signal frequency and the 
value of Cay. Figure 5 can be used to determine the minimum 
value of Cay which will yield a given percent dc error above a 
givcn frequency using the standard rms connecton. 


The ac component of the output signal is the npple. There are 
two ways to reduce the npple. The first method involves using a 
large value of Cay. Since the nipple is inversely proportional to 
Cay, a tenfold increase in this capacitance will affect a tenfold 
reduction in npple. When measuring waveforms with high crest 
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ADS36A 


tactors, (such as low duty cvcle pulse trains), the averaging ume 
constant should be at least ten umes the signal period. For ex- 
ample, a 100 Hz pulse rate requires a 100 ms time Constant, 
which corresponds to a 4 BF capacitor (ame constant = 25 ms 
per il). 

The primary disadvantage in using a large Ca, to remove nipple 
is that the setthing.ume for a step change in input level is in- 
creased proportionately. Figure 5 shows that the relationship 
between Cay and 1% settling ame is 115 milliseconds for cach 
microfarad of Cay. The settling ame is twice as great for de- 
creasing signals as for increasing signals (the values in Figure 5 
are for decreasing signals). Settling nme also increases for low 
signal levels, as shown in Figure 6. 


AEQUIAZOC,., oF 
FOR 1% SCPTUNG TIMW Im EFCONNS 
MULTIPLY READING BY 9 145 





INPUT FREQUENCY <a 


Figure 5. Error/Settling Time Graph for Use with the Stan- 
dard rms Connection in Figure 1 


SETTLING 


TO 1V ems 





rms INPUT LEWEL 


Figure 6. Settling Time vs. Input Level 


A better method for reducing output mpple is the use of a 
“post-filter.” Figure 7 shows a suggested circuit. If a single-pole 
Alter 1s used (C3 removed, Ry shorted}, and C2 is approxmately 
twice the value of Cay, the nipple is reduced as shown in Figure 
8 and scrtling ume is increased. For example, with Cay = 1 uF 
and C2 = 2.2 uF, the npple for a 60 Hz input 1s reduced from 
10% of reading to approximately 0.3% of reading. ‘The setuing 
tine, however, is increased by approximately a factor of 3. The 
values of Cay and C2 can, therefore, be reduced to permit faster 
setding mes while still providing substantial npple reduction. 
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The two-poic post-filtcr uses an active filter stage to provide 
even greater mpple reducnon without substannallv increasing 
the setding Umes over a circuit with a one-pole filter. The values 
of Cay, C2, and C3 can then be reduced to allow extremely fast 
settling umes for a constant amount of npple. Caution should 
be exercised in choosing the value of Cay, since the de error 1s 
dependent upon this valuc and 1s independent of the post filter. 


For a more detailed explanation of thesc topics refer to the 
RMS to DC Conversion Application Guide 2nd Edition, available 
from Analog Devices. 





(FOR SINGLE POLE, 
MONT Ana REMOVE 
ci 


Ph PK \ H 
RIPPLE (ONE POLE) f 
Cav = teF, Cy = 2.20F A 





Figure 8 Performance Features of Various Filter Types 


ADS536A PRINCIPLE OF OPERATION 

The AD536A cmbodics an implicit solution of the rms equaton 
that overcomes the dynamic range as well as other limitanons 
inherent in a straightforward computation of mms. The actual 
computation performed by the AD536A follows the equation: 


V 2 
V rms = Avg. | 
V nns 


ADS36A 


Figure 9 is a simplified schemanc of the AD536a; it is subddi- 
vided into four major sections: absolute value circum (active rec- 
nfier}, squarer/divider, current mirror, and buffer amphficr. The 
mput voltage, Vy.., which can be ac or de, is converted to a uni- 
polar current 1, by the active recnfier A,, A>. f; dmves one input 
of the squarer’divider, whicb has the cansfer functien: 


ti wl tl 


The ourput current. L,, of the squarer/divider drives the current 
mirror through a low-pass filtcr formed by R} and the externally 
connected capacitor, Cay. If the R1, Cay ume conscant is much 
greater than the longest period of the input signal, then L, is 
effectively averaged. The current mirror returns a current I, 
which equais Avg. [I,J], back to the squarer’divider to complcte 
the implicit rms compuraton. Thus: 


I, = Avg.[1/7/1, |= 1, ms 


CURRENT MIRROR 





NOTE PROUTS ASE FOR 14 De 


Figure 9. Simplified Schematic 


The current mirror also produces the output current, [py5, 
which equals 2]. loyr can be used directly or converted to a 
voltage with R2 and buttered by A4 to provide a low impedance 
voltage output. The transfer funcnon of the ADS36A thus 
results: : 


Vor B2ZRZ2Z 1 rms = V my TIS 


The dB output is denved from the cmitter of Q3, since the volt- 
age at this point is propornonal to -log Vx. Emutter follower, 
Q5, buffers and level shifts this volmge. so that the dB output 
voltage 1s zero when the externally supplied emitter current 
(pep) to Q5 approximates 1,. 


CONNECTIONS FOR dB OPERATION 

A powerful featurc added to the AD536A is the loganthmic or 
decibel output. The internal circuit computing dB works accu- 
rately over a 60 dB rangc. The connections for dB measure 
ments are shown in Figure 10. The user selects the 0 dB level by 
adjusting R}, for the proper 0 dB reference current (which is set 
to exactly cancel the log output current from the squurer-divider 
at the desired O dB point). The external op amp is used ta pro- 
vide a More Convenient scale and to allow compensation of the 
+0.33%°C scale factor drift of the dB output pin. The spccial 
T.C. resistor, R2, is available from Tel Labs in Londonderry, 
N.H. (model Q-81) or from Preasion Resistor Inc., Hillside, 
N.J. (model PT146). The averaged tempcrature coefficients of 
resistors R2 and R3 develop the +3300 ppm needed to reverse 
compensate the dB output. The linear mins ourput is available at 
Pin § on DIP or Pin 10 on header device with an output impad- 
ance of 25 kQ; thus some applications may requirc an additiona! 
buffer amplifier if this ouput is desired. 


dB Calibration: 

1. Set Va, = 1.00 V de or 1.00 V rms 
2 Adjust RI for dB out = 0.00 V 

3. Set Va; = +0.1 V de or 0.10 V rms 
4 Adjust R5 for dB out = -2.00 V 


Any other desired 0 dB reference level can be used by setnng 
Vi and adjusting R1, accordingly. Note that adjusting R5 tor 
the propcr gain automatically gives the correct temperature 
compensation. 





*SPFCIAL TC COMPEMSEATION RESISTOR + 3$00epm 1% TEL LABS 0-31 


Figure 10. dB Connection 
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ADS36A 


’ 100s 
FREQUENCY RESPONSE qe teens n=DuTv cyeLe - 10% 
The AD536A uulizes a logarithmic circuit in performing the im- oP) es ere tan OR aes oa 
plicit rms computation. As with any log circuit, bandwidth 1s - pal a ems temab = 1 Volt rme 


proportional to signal Jevei. The solid lines in the graph below 

represent the frequency response of the AD536A at input levels 

from 10 millivolts to 7 volts mns. The dashed lines indicate the 

upper frequency hmuts for 1%, 10%, and 3 dB of reading addi- 

uonal error. For example, note thata ] volt mms signal wil] pro- 

duce less than 1% of reading additional error up to 120 kHz. A menace 
10 millivolr signal can be measured with 1% of reading addi- a 
tonal error (100 pV) up to only 5 kHz. 





1 2 3 4 5 L ? 6 9 06UWw 1 
CAEST FACTOR 


Figure 12. Error vs. Crest Factor 


Vour. Vol 





lV om CF=10 


FREQUENT ¥ — Ma 





Figure 17. High Frequency Response Yur Vu 100ms | 1000 ue 
PULSE WIDTH = us 


AC MEASUREMENT ACCURACY AND CREST FACTOR 


Crest factor is often overlooked in determining the accuracy of Figure 13. AD536A Error vs. Pulse Width Rectangular 
an ac measurement Crest factor 1s defined as the ratio of the Pulse 


peak signa] amplitude to the rms value of the signal (CF = Vp/ 
V zms). Most common waveforms, such as sine and triangle 
waves, have relatively low crest factors (<2). Waveforms which 
resembic low duty cycle pulse trains. such as those occurring in 
switching power supplies and SCR circuits, have high crest fac 
tors. For example, a rectangular pulse train with a 1% duty 


cycle has a crest factor of 10 (CF = 1 Ja). 


Vigure 12 is a curve of reading error for the AD536a for a } volt 
rms input signal with crest factors from 1] to 11. A rectangular 
pulsc train (pulse width 100 pis) was used for this test since itis 
the worst-case waveform for rms measurement (all the cnergy is 
contained in the peaks). The duty cycle and peak amphtude 
were varied to produce crest factors from } to 1) while main- 
taining a constant } volt rms input amplimde. 





ba] 


»D 
are saat! wey 


Figure 14. ADS36A Input and Output Voltage Ranges 
vs. Supply 
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ADS36A 


OUTLINE DLMENSIONS 


Dimensions shown is inches ana “mm). 


D-14 Package 
TO-116 
G430 
Paaeesaie | 
0.040 R 0.265 0.290 t0.70 
1.02) (6.73) (7.37 20.25) 


PIN #1 IDENTIFIER 











0.7 +0. 
0.700 20.010 (7 87 20.26) 
17.78 20.26) 
0.035 +0.010 | 
10.89 20.25} _i ae 
; 0.0865 [2.18) 0.095 (2.43 
y TF 
i 0.180 0.030 
0.126 (3.18) MIN oe £0.76) 0.01 20.002 
i: ecu (0.25 20.06) 
0.047 +0.007 elle ~ ae 0.4 (2.64) = aS 
(1.29 20.18) non 22. 003 REF 
(04375 -6 
H-10A Package 
TO-100 
REF PLANE 0.15 (2.92) 
0.166 (4 19) 
0.186 [4.70} 
0.23 {5.84} 
a (8.81) 
6.370 (9.40) 






0.305 (7.78) 
. oe 029 (0.74) 
0.048 14) 
0.032 (0.81) 0.016 (0.41) as 0.028 (0.77) 
re ed o27 7053) (OM: 8) | 36 Soares (0.86) 


"0.01 (0.26 0.018 10 41) 
564 fon | 0.079 (048)0" *! Bottom view 


SEATING PLANE 









E-20A Package 
LCC 





0.20 x 45° 
(0.51 x 45°) 
REF 
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PRINTEO IN U.S.A. 


B. 


AD534 INTERNALLY TRIMMED PRECISION IC MULTIPLIER 


ANALOG 
DEVICES 





FEATURES 

Pretrimmed to +0.25% max 4-Quadrant Error (AD534L} 

All Inputs (X, ¥ and 2} Differential, High Impedance for 
({X, -X,) (¥; — ¥2}/10 V) + Z, Transfer Function 

Scale-Factor Adjustable to Provide up to X100 Gain 

Low Noise Design: 90 pV rms, 10 Hz-10 kHz 

Low Cost, Monolithic Construction 

Excellent Long Term Stability 


APPLICATIONS 

High Quality Analog Signal Processing 

Differential Ratio and Percentage Computations 
Algebraic and Trigonometric Function Synthesis 
Wideband, High-Crest rms-to-de Conversion 
Accurate Voltage Controllad Oscillators and Filters 
Available in Chip Form 


PRODUCT DESCRIPTION 

The AD534 is a monolithic Jaser tammed four-quadrant multi- 
plier divider having accuracy specications previously found 
only in expensive hybrid or modular products. A maximum 
muloplication error of 0.25% is guarantced for the AD534L 
without anv external mmming. Excellent supply rejection, low 
temperature coefficients and long term stability of the on-chip 
thin film resistors and burned Zener reference preserve accuracy 
even under adverse conditions of use. It is the frst muluplier to 
offer fully differential, high impedance operation on all inputs, 
including the Z-input, a feature which greatly increases its flex- 
ibility and case of use. The scale factor is pretrimmed to the 
standard value of 30.00 V; by means of an external resistor. this 
can be reduced to values as low as 3 V. 


The wide spectrum of applications and the availability of several 
grades commend this muluplier as the frst choice for all new 
designs. The AD534] (f1% max error), AD534K (40.5% max) 
and AD534L (+0.25% max) are specified for operation over the 
O°C ta +70°C temperature range. The AD534S (+1% max) and 
AD534T (40.5% max) are specified over the extended tempera- 
ture range, -55°C to +125°C. Ali grades are available in her- 
metically sealed TO-100 meta} cans and TO-116 ceramic DIP 
packages. AD534J, K, S and T chips are also available. 


PROVIDES GAIN WITH LOW NOISE 

The AD534 is the first general purpose muluplicr capable of 
providing gains up to X100, frequently eliminating the need for 
separate insttumentation amplifiers to precondition the inpus. 
‘The AD534 can be very effectively employed as a variable gain 
differential input amphfier with high common-mode rejection. 
The gain opton is available in all modes, and will be found to 
simplify the implementation of many function-fitting algorithms 
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Internally Trimmed 
Precision IC Multiplier 


AD334 


PIN CONFIGURATIONS 


TO-100 (H-10A) 
Package 


TO-116 (D-14) 
Package 


(Nat To Scele) 





NC = NO CONNECT 


LCC (E-20A) 


18 Out 
17 WC 
16 21 
15 NC 
142 


(Nol To Scale} 





such as those used to generate sine and tangent. Jhe urility of 
this {feature is enhanced by the inherent low noise of the AD53+4: 
90 LV, rms (depending on the gain), a factor of 10 lower than 
previous monolithic mulupliers Dnft and feedthrough are also 
substantially reduced over earlier designs. 


UNPRECEDENTED FLEXIBILITY 

The precise calibration and differential Z-input provide a degrec 
of flexibility found in no other currently available multiplier. 
Standard MDSSR functions (multiplication, division, squaring, 
square-rovtny) are casily implemented while the restnctian to 
pardcular input/ourput polarities imposed by earlier designs has 
been climinated. Signals may be summed into the output, with 
or without gain and with ejther a positive or negative sense. 
Many new modes based on implicit-function synthesis have 
been made possible, usually requiring onlv external passive com- 
ponents. The output can be in the form of a current, if desired, 
facilitating such operations as integraton. 


One Technology Way, P.O. Box $106, Norwood, MA 02062-9106, U.S.A. 
Tet: 617/329-4700 Fax 617/326-8703 


AD534—SPECIFICATIONS or, = + 25%, =v, = 15 v.82 240 


Model ADS34} ADS34K ADS34L | 
Min Typ Max Min Tsp Max Min Typ Max {| Units 















MULTIPLIER PERFORMANCE (Xe YY AVS a NY oY ok i Ween en An Be os 

Transfer Function een 7, Se +7. — + Zs 
Torl Errot’ 10 V<X%, ¥ $+10 =f. , 0.25 % 
T, = min tO max £1.0 £0.5 % 
Tetel Error vs. Temperature £9.015 +0.008 Yl°C 
Seale Factor Error 

‘SF = 10.000 V Nominal)? £0.) £9.1 % 
Temperature-Coefliciens of 

Scaling Voltage Se $0.0; £0,005 {6/°C 
Suppiy Rejection (415 Ve : V> <1 £0.01 £0.01 % 
Nonliasarity, X (A = 20 Vp-p, ¥ = 10 V) 4 #G:2 =0.3 20.10 =O512 % 
Nonlinearity, Y CY = 20 V p-p, X = 10 V) 2 +0.) 20.1 £0.005 20.1 7 % 
Feectbronga’®, X CY Nulled, 

X = 20V p-p 50 Ha) £0.15 =0,3 £0.55 +90.12 % 
Feedthrough’, Y (X Nulled, j 

Y=20V p-p 50 HZ $0.01 20.1 $9.003 20.1 % 


Ourtpur Offset Waltage +10 


Oupet Ofiset Veluge Daft 


DYNAMICS 
Smal Signal) EW Vorrr = 0.1 rms} 
>% Amplituds Error (Crean = 100C p> 
Stew Rate Voor 20 ?-Pp) 
Serting Time 6209 1%, AVort = 20 V) 
NOISE 
Noise Spectral-Density SP = :0 V 
srt=3¥* 
Widehanée Nowe f = 10 Hz to 5 MHz 
{~ 10 Hz te 1C xHz 
OUTPUT 
Ovrtput Voltage Swing 
Oumput Impedence (fs 1 kf iz) 
Ourput Short Circuit Current 
CR. = 0, T, = mia to max) 
Amplifier Open Loop Gain /f = 50 Hz) 
INPUT AMPLIFTERS (X, Y and Z)‘ 
Signal Voluge Range (Disk or CM 
Opcroang Difk} 
Offsec Voltage X, ¥ 
Offset Volaage Daft X. Y 
Offset Valtags 7 
Offset Voitsge Drift Z 
CMRR 
Bias Current 
Offset Curren: 
Differential Resustance 


DIVIDER PERFORMANCE 
Transfer Function (X, > X2) 


Tora! Error’ X= 10V, -10V<5Z5+10V) 
(X=1V,-1VsZ4S4!i WV 
(O.1V<SXS10V, LOVSZSIOM 

SQUARE PERFORMANCE 

Tranafer Funcoon 

Total Eror (-1O VS X < 10 Vy 


SQUARE-ROOTER PERFORMANCE 
Transfer Funetion (2, $ Z;3 


Yio V(Z_—-Z,3 +X, io YV(Z2- 2,5 +X, y10 ViZ. = ZX, 


=o Oe £0125 








Toul Error! 42 Vs Zs 10 V) 


POWER SUPPLY SPECIFICATIONS 
Supply Voltage 


% 











Rated Performance ¥ 
Operaung Vv 
Supphy Current 
Quiescent mA 
PACKAGE OPTIONS 
T0100 (H-IGA> AD534JH AD534KH ADS534LH 
TO-116 (D-'4) : AD534JD AN334KD AD534LD 
Caips . AD534} Chips AD534K Chips 
NOTES Specifications shown is boldface are tested on all production units at Anal elecuical 
‘Figures given are percent of full scale, 219 V Ce., 0.01% = 1 mV). test. Results from those tests are used to calculate outgoing qualigy levels. All min anc 
2May be reduced down to 3 V using external resistor besweea - Vs and SF. max specificauons are guaranteed, although only chose shown ir boldtsce are tested 
*‘Irreducidle component due to nonlinearity: excludes effect of offsets. on al} production units. 
"Uaing external resistor adjusted to give SF = 3 V. 
See Fonctioral Block Diagram ‘oz deficition of sections. 
Specifications subject to change without notice. 
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ADS34S 
Typ 


Model 
Min 


MULTIPLIER PERFORMANCE es ob 


Trapster Function 


ies Eas See 
iat 


Total Error! (-10 VS X, ¥ 5 =10V} 
Ta = mm to max 
Total Error va. Ternperature 
Scaic Facwor Ercer 
(SF = 10.000 V Nomunal)? 
Temperature -Coefiicient of 
Scaling Voltage 
Supply Rejection (£15 Vt : VY} 
Nonkneanity, X <X = 20 V p-p, ¥ = 10 YY 
Nonlinearity, YOY = 20 Vp-p, X= WV? 
Feedthrough’, X CY Nulled, 
X = 20 V o-p 30 Fa} 
Feedthrough , ¥ (X Nulled, 
Y = 20 V p-p 50 Hz) 
Ougput Offset Voltage 
Ousput OfBe. Voluage Dif 


DYNAMICS 
Smal! Signal BY’ (Vout =U | rm) 
1% AmpLtude Error (Cioap = 1000 pF, 
Siew Rate (Woe 20 p-p) i 
Setding Time (ta 1%, AVour = 20 
NOISE 
Noise Spectrul-Density SF = 10 V 
SF =3v‘ 
Wideband Noise = 10 Hz w 5 MHz 
f= ]0 Hz @ :0 kilz 
OUTPUT 
Ourput Voluze Swing 
Output Impedaoce “Es 1 kEz) 
Ourput Short Ciscuie Current 
(Ry, = 0, 1,4 = min w max} 
Amplifier Onco Loop Gain [f= $9 Hz) 
INPUT AMPLIFIERS %X, ¥ and Z)° 
Signal Voliage Range (Diff. cs CM 
Operacneg Diff.) 
Oftsst Voltag: X, ¥ 
Offser Voltage Daft X, Y 
Offset Voltage 7. 
Offset Voltage Drik Z 
CMRR 
Bias Current 
Offset Curtent 
Differential Ressstaoce 


BIVIDER PERFORMANCE 
Transfer Funcuoe (X,; > X25 


Toral Ervor' (X = 19V,-10¥ $2<64i0VY 
MR e1V,-}VSZ<+t1V) 
(.IV<SX<S10V, -10V52510V) 


SQUARE PERFORMANCE 
Transfer Functior, 


Total Error 10 V2 XS 1 V) 


SQUARE-ROOTER PERFORMANCE 
Transfee Funcaon (ZZ; $Z;3) 


L072; = 2,) + X, 


Total Error' 11 V <2 <5 10 V) 210 
POWER SUPPLY SPECIFICATIONS 
Supply Voluage 
Rated Performasce 
Operrorg 
Supply Current 
Quiescent 
PACKAGE OPTIONS 
TO-100 (H-1OA} 
TO-116 (D-145 
E-20A 
Chips 


AD534SH 
AD534SD 
AD534SE 
AD524S Chips 


NOTES 

‘Figures given ace percent of full scale, 30 V G.c., 0.01% = 1 mV. 

*May be reduced down to 3 V using external resuswor between -V; aod SF. 
Irreducible component duc nonlinearity: exeludes effect of offsets. 
*Using extemal resistor adjusted co give SF = 3 V. 

‘See Functional Block Disgram for definizon of sections. 

Specifications subject to change without ponice. 
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Max 


(X, - XY, - ¥25 
1 


mV 
UV PC 


Miz 
khlz 
Vips 
ls 


uN HZ 
pv’/ Hz 
mV/ems 
UV /ers 


HlOV(Z—2Z > Ag 


£0.5 


AD534TH 
AD534TD 
AD534TE 
AD534T Chips 


Specifications shown in boldface are tested on all producnon units at inal electra! 
test. Results from those cests are used to calculate ousgoing quality level Al! mus and 
max specications are guaranteed, although only those shown in boldface are tested 
90 all producdon units. 


ADS34 


CHIP DIMENSIONS AND BONDING DIAGRAM 


Dimensions shown in inches and fom). 


Contsct faccory fer latest d’mensions. 


ABSOLUTE MAXIMUM RATINGS 


AD534J, K, L 





AD534S, T 





Ale 


CAUTION 


ESD (electrostatic discharge) sensitve device. Electrostatic charges as high as 4000 V readily 
accumulate on the human body and test equipment and can discharge without detection. 
Although the AD534 features proprietary ESD protecuion circuitry, permanent damage may 
occur on devices subjected to high energy electrostatic discharges. Therefore, proper ESD 
precautions are recommended to avoid performance degradation or loss of functionality. 


| Y, =Va 
0.100 (2.54) 


Theerdlif CRSP SYSHUEN USER Tamed our Form 
Thermal Resistance 6), = 25°C/W’ for H-10A 
84 = 150°C/W for H-10A 





| 0078 (3.35) 


Zz; 


Oc = 25°C/W’ for D-14 or E-20A 
a = 95°C/W for D-14 or E-20A 













Supply Volrage fis V £22 N 

Internal Power Dussipauon 500 mW . 

Output Short-Cirewt © Ground Indedimte * 

Input Voirages, X; X.Y; ¥2 Z: Z 2Ve ee 

Rated Operating Temperature Runge O°C to 470°C 55°C to 
125°C 


~65°C to + 150°C | * 


a 


Storage Temperature Range i 
Lead Temperature Range, 60s Soldenng 






“Same as Al)534J Specs. 


OPTIONAL TRIMMING CONFIGURATION 


we 


Sok ___.__ TO APPROPRIATE 
INPUT TERMINAL 


- Vg, 


ORDERING GUIDE 


ADS534J1) O'Gres70°C 
AD534+KD O°C to #70°C 
ADS34LD O°C to +70°C 
AD534JH 0°C to $70°C 
AD534KH 0°C to +70°C 
AD534LH O°C to +70°C 
AD534J Chip O°C to +70°C 
AD534K Chip O°C to +70°C 
AD534SD -35°C to +125°C 
AD5 34SD/883B ~35°C to 325°C 
AD534TD ~55°C to +125°C 
AD534TD/883B ‘55°C to +125°C 
JM38510/13902BCA =—55°C to +125°C 
JM38510/13901BCA | -55°C to +125°C 
AD534SE —55°C to +125°C 
AD534SE/883B 55°C to +1 25°C 
AD534TE -55°C to +125°C 
AD534TE/S83B 55°C to +125°C 
AD534SH ~5§°C to +125°C 
AD534SH/883B —55°C wo +125°C 
AD534TH -§5°C to +125°C 
AD5347TH/883B ~55°C to +125°C 
JM38510/13902BI1A ~55°C to +125°C 
JM38510/1 3901] BIA oo °G to 125° 
‘AD534S Chip -55°C to +125°C 
AD534T Chip ~55°C to +125°C 


























Side Brazed DIP 




























































Side Brazxed DIP D-14 
Side Brazed DIP N-14 
Header H-10A 
Header H-10A 
Header H-10A 
Chip 
Chip 
Side Brazed DIP D-14 
Side Brazed DIP D-14 
Side Brazed DIP D-14 
Side Brazed DIP D-14 
Side Brazed DIP D-14 
Side Brazed LIP D-14 
E-204 
E-204 
E-204 
E-20A 
H-10A 
H-10A 
H-10A 
H-10A 
H-10A 
H-10A 












WARNING! 
nant 4s 


FSO SENSITIVE DEVICE 
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FUNCTIONAL DESCRIPTION 

Figure ] 1s a functional block diagram of the AD534. Inputs are 
converted to differential currents by three identical voltage-to- 
current converters, each trimmed for zero offset. The product 
of the X and Y currents 1s generated by a muluplier cell using 
Gilbert’s transknear technique. An on-chip “Buried Zener” 
provides a highly stable reference, which is laser trimmed to 
provide an overall scale factor of 10 V. The difference between 
XY/SF and Z is then applied to the high gain output amplifier. 
This permits vanous closed loop configurations and dramati- 
cally reduces nonlineantics duc to the input amplifiers, a domi- 
nant source of distortion in carlier designs. The effecuveness of 
the new scheme can be judged from the fact that under typical 
conditions as a multiplier the nonlinearity on the Y input. with 
X at full scale (£10 V), is £0.005% of F.S ; even at its worst 
point which occurs when X = 46.4 V, 1 is typically only 
t0.05% of F.S | Nonlineanty for signals applied to the X input, 
on the other hand, is determined almost entirely by the mulu- 
plier element and is parabolic in form. This crror is a major fac- 
tor in determining the overall accuracy of the unit and hence ts 
closely related to the device grade. 






STABLE +My 
SF 
-Vs 
TRANSFER FUNCTION 
Xi 
me ~{Z4 ~ 2) 
v4 
Vz OUT 
ra 
23 


Figure 1. AD534 Functiona! Block Diagram 
‘The generalized transfer funcnon for the AD53¢ ts given by: 


Cee ee 
V, =4 ( (X= XL. -¥2) 4A os a 
OUT ( FE (Z, z,)} 


where 4 = open loop gain of output amplificr, rypically 
70 dB atdc 
x, Y, Z = input voltages (full scale = tSF. peak = 
£1.25 SF) 


SF = scale factor, pretrimmed to 10.00 V but adjustable 
by the user down to 3 V. 


In mast cases the open loop gain can be regarded as infinite, 
and SF will be 10 V. The operation performed by the AD534, 
can then be described in terms of equation: 


(XX, — Xo (YY, -Y,)= 10 V (2Z,-Z) 
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The user may adjust SF for values between 10.00 V and 3 V by 
connecting an external resistor in series with a potentiometer 
between SF and -V,. The approximate value of the total resis- 
tance for a given value of SF is given by the relationship: 


SF 
10-SF 





Ry: 254K 


Due tc device tolerances. allowance should be made to vary Res; 
by £25% using the potentiometer. Considerable reduction in 
bias currents. noise and drift ean be achieved by decreasing SF. 
This has the overall effect of increasing signal gain without the 
Customary increase in noise. Note that the peak input signal is 
always limited to 1.25 SF (i.e., £5 V for SF = 4 V) so the overall 
transfer funcnon will show a inaximum gain of 3.25. The per- 
formance with small input signals, however, is ymproved by us- 
ing a lower SF since the dynamic range of the inputs is now fully 
utilized. Bandwidth ts unaffected by the use of this option. 


Supply voltages of £15 V are generally assumed. However, satis- 
factory operation is possible down to t8 V (see curve 1}. Since 
al] inputs maintain # constant peak input capability of £1.25 SF 
some feedback attenuanon will be necessary to achieve output 
voltage swings in excess of £12 V when using higher supply valt- 
ages, 


OPERATION AS A MULTIPLIER 
Figure 2 shows tic basic connection for multiplication. Note 
that the circuit will meet all specifications without trimming. 






X INPUT 
210V FS 
+12V PK 
OUTPUT , +12V PK 
{Hy ~ X2) Vy - Fa) 
z {My - X2) 4 - V2 ea 
10V 
OPTIONAL SUMMING 
INPUT, 2, +10V PK 
¥ INPUT 
+10V FS 
+12V PK 


Figure 2. Basie Muitiplier Connection 


In some cases the user may wish to reduce ac feedthrough to a 
minimum (as in a suppressed carnier modulator) by applying an 
external nm voltage (£30 mV range required) to the X or Y in- 
put (see Optional Trimming Configuration, page 3). Curve 4 
shows the typical ae feedthrough with this adjustrment mode. 
Nore that the Y input is a factor of 10 lower than the X input 
and should be used in applicatons where null suppression is 
cniucal. 

The high impedance Z, terminal of the AD534 may be used to 
sum an additional signal into the output. In this mode the out- 
put amplifier behaves as a voltage follower with a | MHz small 
signal bandwidth and a 20 V/s slew rate. This terminal should 
always be referenced to the ground point of the driven system. 
parucularly if this is remote. Likewise the differential inputs 
should be referenced to their respective ground potentials to re- 
alize the full aecuracv of the AD534. 


-5- 


ADS34 


A much lower scaling voltage can be achieved without any re- 
ductior. of input signal range using a feedback attenuator as 
shown in Figure 3. In this example, the scale is such that Vou; 
= XY, so that the circuit can exhibit a maximum gain of 10. 
This connection results in a reduction of bandwidth to about 
80 KHz without the peaking capacitor Cr = 200 pF. In additon, 
the outpur offset voltage 1s increased by a factor of 10 making 
external adjustments necessary in some applications. Adjust- 
ment is made by connecting a 4.7 MQ resistor between Z, and 
the slider of a pot connected across the supplies to provide 
+300 mV of wim range at the ourput. 


XINPUT 

=tov FS 

412V PK OUTPUT ,+12V PK 
a (4 - Xq) (Yq - V2) 
(SCALE « 1V) 
OPTIONAL 
PEAKING 
CAPACITOR 
Ce = 20pF 

¥ WPUT 

xtav FS 





Figure 3. Connections for Scale-Factor of Unity 


Feedback attenuation also retains the capability for adding a 
signal to the output. Signals may be applied to the high imped- 
anec Z, terminal where they are amplified by +10 or to the com- 
mon ground connecuon where they are amplified by +1]. Input 
signals may also be applied to the lower end of the 10 KQ resis- 
tor, giving a gain of -9. Other values of feedback ratio, up to 
X100, can be used to comne muluplication with gain. 


Occasionally it may be desirable to convert the output toa cur- 
rezit, into a load of unspecified impedance or dc level. For ex- 
ample, the tunction of muluplication ts sometimes followed by 
integration; if the output is in the form of 4 current, a simple ca- 
pacitor wil provide the integration function. Figure 4 shows 
how this can be achicved. This method can also be applied in 
squaring, dividing and square rooting modcy by apprepriate 
choice of terminals. This rechnique is used in the voltage- 
controlled low-pass filter and the differential-input voltage-to- 
frequency converter shown in the Applicanons Section. 


XINPUT 
x10V F.S. 
t12V PK 








CURRENT-SENSING 
RESISTOR, Rg, 2k MIN 


| 
| 


{X1 - X2) (V4 - ¥9) 
tour = tov e 


Bl~- 
9 es rete te toes 


Y INPUT INTEGRATOR [>= 
t10V FS. CAPACITOR | 
t12V PK (SEE TEXT) 5o7 


Figure 4 Conversion of Output to Current 


OPERATION AS A SQUARER 

Operation as a squarer is achieved in the saine fashion as the 
multipher except that the X and Y inputs are used in parallel. 
The differential inputs can be used to determine the output po- 
lanty (positive tor X; = Y, and Xz = Y,, neganve if either one of 
the inputs 1s reversed}. Accuracy in the squanng made is tvpi- 
cally a factor of 2 better than in the muluplying mode, the larg- 
Est errors occurring with small values of ourput for input below 
Ee 

If the application depends on accurate operation for inputs that 
are always less than +3 V, the use of a reduced value of SF is 
recummended as described in the FUNCTIONAL DESCRIP- 
TION section (previous page). Alternatively, a feedback attenu- 
ator may be used to rayse the output level. This is put to use in 
the difference-of-squares application to compensate for the fac- 
tor of 2 loss involved in generatng the sum term (see Figure 7). 


The differenee-of-squares function is also used as the basis for a 
novel rms-to-de converter shown in Figure 34. Tne averaging 
filter is a true integrator, and the loop secks to zero its input. 
For this to occur, (Vy)? - (Vorrr)” = 0 (for signals whose period 
is well below the averaging nme-constant) Hence Vopr is forced 
to equal the rms value of Vy. The absolute accuracy of this 
technique is very high; at medium frequencies, and for signals 
near full scale, it is determined almost entirely by the ratic of the 
resistors In the inverting amplifier. The muluplier scaling volt- 
age affects onlv open loop gain. The data shown is typical of 
pertormanee that can be achieved with an AD534K, but even 
using an AD534J, this technique can readily provide better chan 
1% accuracy over a wide frequency range, even for crest-factors 
in excess of 10. 
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OPERATION AS A DIVIDER 

The AD535, a pin for pin functional equivaient to the AD534, 
has guaranteed nertormance in the divider and square-rooter 
configurations and is recommended for such applications. 


Figure 5 shows the connecton required for division. Unlike car- 
her products. the AD534 provides differential operation on both 
numersetor and denominator, allowing the ratio of two floanng 
variables to be generated. Further fleability results from access 
to a high impedance summing input to Y;. As with all dividers 
based on the use of 2 mujuplier in a {cedback loop, the band- 
width is proportional to the denominator magnitude, as shown 
in curve 8. 












X INPUT e1SVY = QUTPUT, £12V PK 
(DENOMINATOR) i 
+10V PS _ Ov 22-2) 5 
o12V PK (X_ - X) 
Z INPUT 
(NUMERATOR) 
OPTIONAL 
SUMMING INPUT +10V PS, t12V PK 







210V PK 





‘Figure 5. Basic Divider Connection 


Without additional trimming, the accuracy of the AD534K 

and L is sufficient to maintain a 1% error overa LOVtolV 
denominator range. This range may be extended to ]00:1 by 
simply reducing the X offset with an externally gencrated trim 
voltage (range required is $3.5 mV max) applied to the unused 
X input (see Opuonal Tamming Configuration). To tim, apply 
a ramp of +100 mV tw +V at 100 Hz to both X, and Z: Gf X2 is 
used for offset adjustment, otherwise reverse the signal polarity) 
and adjust the iim voltage to minimize the varnation in the 
outpur. * 


Since the output will be near +10 V, it should be ac-coupled for 
this adjustment. The increase in noise level and reduction in 
bandwidth preclude operation much beyond a ratio of 100 to }. 


As with the muluplier connection, overall gain can be intro- 
duced by inserting a simple attenuator between the output and 
Y2 terminal. ‘his option, and the differential-ratio capability of 
the AD534 are utilized in the percentage-computer application 
shown in Figure 11. This contiguration generates an output pro- 
poruonal to the percentage deviation of onc variable (A) with re- 
spect to a reference variable (B), with a scale of one volt per 
percent 
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OPERATION AS A SQUARE ROOTER 

The operation of the AD534 in the square roat mode is shown 
in Figure 6. The diode prevents a latching condition which 
could occur if the input momentarily changes polarity. As 
shown, the ourput js alwavs posinve; it may be changed to a 
negative output by reversing the diode direction and interchang- 
ing the X inputs. Since the signal input is differential, all cambi- 
nations of input and output polarities can be realized, but 
operanion js restricted to the one quadrant associated with each 
combination of inputs 


OUTPUT, 212V PK 


= VIOV (Zz - 2) +X 






OPTIONAL 
(MUST BE 
Rene as OUTPUTS PROVIDED) 


X210V PK 


-15V 


Figure 6. Square-Rooter Connection 


In contrast to earlier devices, which were intolerant of caprcinve 
loads in the square root modes, the 4D534 1s stable with all 
loads up to at least 1000 pF For entical applications, a small! 
adjustment to the Z input offset (see Optional Trimming Con- 
figuration) will improve accuracy for inputs below ] V. 


*See the A4N535 Data Sheet fer more details. 


is 


AD534—Anplications Section 


The versatility of the AD334 allows the creative designer to 
implement a variety of circuits such as wattmeters, frequency 
doublcrs and automatic gain contruis to name but a few. 







CONTROL INPUT. 
Eo ZERO TO 45V 


OUTPUT, 212V PK 


NOTES: 1) GAINIS X 10 PER-VOLT OF Eg, ZERO TOX SD 


2) WIDEBAND (10Hz - 30kHz) OUTPUT NOISE IS nv AMS, TYP 
CORRESPONDING TO AFS. S/N RANIO OF 700d 


3} NOSE REFERED TO SIGNAL INPUT, WITH Eq » 25V. (S GOV RMS, TYP 
4) QANOWITH IS DC TO 20kHz. -308, INDEPENDENT OF GAIN 


Figure 8. Voltage-Controlied Amplifier 


_ € 
WHERE 0 =~ eae 


USING CLOSE TOLERANCE RESISTORS ANO ADS34L, ACCURACY 
OF FIT (S WITHIN 20.5% AT ALL POINTS. 65S IN RADIANS. 


Figure 9. Sine-Function Generator 


10V 


MODULATION 
INPUT, t£ ay 












Ey 
OUTPUT = if =e Ec sin ot 


CARRIER INPUT 
Ee sin cof 


THE SF PIN OR AZ-ATTENUATOR CAN BE USED TO PROVIDE OVERALL SIGNAL 
AMPLUFICATION, OPERATION FROM A SINGLE SUPPLY POSSIBLE: BIAS Y2 TO V<_'2. 


Figure 10. Linear AM Modulator 


ok 


A-B 
OUTPUT = (100¥) ——= 


1k {1% PER VOLT) 


BINPUT 
{+ Ve ONLY} 


OTHER SCALES, FROM 10% PER VOLT TO 0.1% PER VOLT CAN BE OBTAINED 
BY ALTERING THE FEEDBACK RATIO. 


Figure 11. Percentage Computer 


INPUT, ¥ 210 F.8. 


Figure 12. Bridge-Linearization Function 


100 
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PINS &, 6,9 TO «i5V 
AINS 1,4 70 -18V 


CONTROL INPUT, Ec. {- AS 
100mvV TO 1aV 0.91 pai soe 

(= C) = {hz PER VOLT 
WITH VALUES BHOWN 


CALIBRATION PROCEDURE: 


WITH Ee = t.0V, ADJUST POT TO SET 1 = 1.000kHz WITH Ep = 8.0V ADJUST 
TRIMMER CAPACITOR TO SET fz 8.000kHz LINEARITY WILL TYPICALLY BE 
WITPEN % 21% OF F.S. FOR ANY OTHER INPUT, 


OUE TO DELAYS IN THE COMPARATOR, THIS TECHNIQUE 18 NOT SUITABLE 
FOR MACOMUM FREGUENCIES ABOVE 10uHz FOR FREQUENCIES ABOVE 
10%+42z THE ADS6S7 VOLTAGE TO FREQUENCY CONVEATER !8 RECOMMENDED. 


A TRIANGLE -WAVE OF 26V PK APPEARS ACROSS THE G0 fpf CAPACITOR; IF 
USED AS AN OUTPUT, A VOLTAGE- FOLLOWER 8HOULD BE INTERPOSED. 


Figure 13. Differential-Input Voltage-to-Frequency Converter 


MATCHED TO 0.025% 


CAUBSRATION PROCEDURE: 


WITH ‘MODE’ SWITCH IN RIGS+ DC POSITION, APPLY AN INPUT OF +1.00VDC. 
ADJUST ZERO UNTIL OUTPUT REAOS SAME AS INPUT. CHECK FOR INPUTS 
OF t10¥: OUTPUT SHOULD BE WITHIN 40.05% (SmYV}. 


ACCURACY IS MAINTAINED FROM 60Hz TO 100k, AND IS TYPICALLY HIGH 
BY 0.5% AT 1MHZ FOR Vio 4V RMS (SINE, SQUARE OR TRIANGULAR-WAVE}. 


PROVIDED THAT THE PEEK INPUT IS NOT EXCEEDED, CREST-FACTORS UP 
TO AT LEAST TEN HAVE NO APPRECIABLE EFFECT ON ACCURACY . 


INPUT IMPEDANCE fS ABOUT 100; FOR HIGH (10M@n) IMPEDANCE REMOVE 
MODE SWITCH AND INPUT COUPLING COMPONENTS. 


FOR GUARANTEED SPECIFICATIONS THE ADSS6A AND AD635 IS OFFERED AS 
A SINGLE PACKAGE RMS-TO-DC CONVERTER. 


Figure J4. Wideband, High-Crest Factor, RMS-to-DC Converter 
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AD534—Typical Performance Curves (typical at +25°C, with V;, =+15 V dc, unless otherwise noted) 


PEAK POSITIVE OR NEGATIVE BIGNAL - Yolts 


Curve 1. Input/Output Signal Range vs. Supply Voltages 


CURRENT - nA 


8 


a mitts eS] || 


ALL INPUTS. SF = 10V 


my 
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14 16 18 20 
a a NEGATIVE SUPPLY ~ Voit 


= VOLTAGE = 10V 





~60 -40 -20 ba] 200C HO OCNs«sCéd1200'=—é=«éd1280 
TEMPERATURE - °C 


Curve 2. Bias Currents vs. Ternperature {X, Y or Z Inputs) 


CMAR - dB 


Pete Pil 
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Curve 3. Common-Mode Rejection Ratio vs. Frequency 
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NOISE SPECTRAL DENSITY = p V/sHz 
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Curve 4. AC Feedthrough vs. Frequency 
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Curve 5. Noise Spectral Density vs. Frequency 
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Curve 6. Wideband Noise vs. Scaling Voltage 
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